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Abstract 
In commercial pork production, progeny born to primiparous sows (gilt 
progeny; GP) are slower growing and of a lower health status than those piglets born 
to older sows in subsequent parities (sow progeny; SP). Hence, they represent an 
area of significant loss of productivity. The major aims of the current thesis were to 
characterise performance differences between GP and SP in commercial production 
systems, to identify some of the underlying anatomical and physiological factors 
responsible for these differences, and target some management strategies to address 
these deficiencies through late gestation and (or) lactation feeding strategies. 
Therefore, a series of experiments were carried out to test the general hypotheses that 
GP would be lighter and grow slower than SP at all stages of production and have 
reduced reproductive performance in the breeding herd. It was expected that GP 
would have access to colostrum and milk with a lower energetic value due to lower 
fat, protein and lactose contents, and a lower immunoglobulin G (IgG) concentration. 
It was therefore anticipated that GP would be compromised in terms of the pre- and 
postnatal development and function of several organs and tissues (such as skeletal 
muscle and the gastrointestinal tract) in lactation, have reduced reproductive 
performance and acquire less maternal immunity, leading to a lower chance of 
lifetime survival in comparison to SP. It was further hypothesised that feeding 
conjugated linoleic acid (CLA) and (or) medium-chain fatty acids (MCFA) in late 
gestation would improve piglet energy levels, improve colostrum and milk 
composition and therefore improve the growth performance and pre-weaning 
survival of GP, more so than in SP.  
Experiment 1 (Chapter 3) involved the retrospective analysis of 3 years of 
data from first cross (F1; PrimegroTM Genetics) gilts selected for breeding at a 
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commercial facility (Rivalea Australia; Corowa, New South Wales). Results showed 
that GP are 1 day older at first mating compared to SP, and that 4% more GP fail to 
reach first oestrus and be mated by 270 days of age. However, GP that were mated at 
least once had a 4% higher farrowing rate from this mating than the corresponding 
SP, with comparable reproductive performance and longevity in the first three 
parities. Gilt progeny selected for the breeding herd were lighter than SP at birth, 
weaning, 2 weeks after weaning, selection and at first mating. 
Experiments 2 and 3 (Chapters 4 and 5) further quantified differences in 
performance between GP and SP in two large commercial production systems using 
the most common genetic lines in Australia (PrimegroTM Genetics and PIC 
Australia). In both studies, GP, relative to SP, were born (60 to 90 g), weaned (730 
to 920 g) and sold (4.2 to 5.2 kg) lighter and had a 2% higher mortality rate in the 
immediate post-weaning period (from weaning to 10 weeks of age). These data 
clearly showed that a large proportion of the difference in performance between GP 
and SP in the weaner and grower-finisher stages was a consequence of GP being 
weaned lighter. These results highlighted the critical importance of the pre-weaning 
period for determining the growth performance of GP up until sale, as well as the 
importance of the management of primiparous sows in late gestation and lactation. In 
these experiments, segregation of GP and SP, both from birth to slaughter 
(Experiment 2) and in the grower-finisher period only (Experiment 3), were 
unsuccessful as management strategies for improving the growth performance of GP 
(and SP). 
Experiments 4 and 5 (Chapters 6 and 7) were conducted to further 
understand some of the anatomical and physiological factors that may affect GP 
performance in early life, in order to identify targeted management strategies (e.g., 
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nutritional) most likely to improve the growth, health status and survival rates of GP. 
Literature on this topic suggests that the composition of colostrum and milk from 
primiparous sows may differ to that from multiparous sows across different stages of 
lactation in terms of concentrations of different nutrients, immunoglobulins and 
overall energetic value, all of which are important for the piglet’s early physical and 
immunological development. Furthermore, the immunological naivety of 
primiparous sows in their first lactation compromises the transfer of maternal 
immunity (i.e. of immunoglobulins such as IgG) to colostrum and milk and 
subsequently to their piglets. Experiment 4 investigated differences in the 
concentrations of macronutrients, energy, and IgG of colostrum and milk between 
primiparous and multiparous sows throughout lactation (from birth to day 21). This 
experiment showed that the composition and overall net energy (NE) content of 
colostrum and milk of primiparous and multiparous sows was largely similar, with 
lower lactose concentrations in primiparous sow milk in comparison to multiparous 
sows in late lactation only (days 14 to 21). Experiment 5 was conducted to examine 
differences in absolute and relative organ and tissue development in early life around 
birth and weaning between GP and SP, as well as the transfer of IgG to the piglet’s 
circulation, and aspects of the development and function of the gastrointestinal tract 
(GIT). Various tissues of GP (such as the brain, spleen, liver, quadriceps muscle and 
small intestine) grew at a different rate to those of SP, particularly around birth, and 
similar to that of intra-uterine growth restricted (IUGR) piglets. These results 
indicate that the postnatal performance of GP may be restricted by their delayed 
anatomical and functional development in late gestation, having impacts on transfer 
of maternal immunity, and early GIT and musculoskeletal development. Therefore, 
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strategies to improve birth weight and growth rates in GP may be limited by these 
factors. 
Experiment 6 (Chapter 8) was conducted under commercial research 
conditions and examined feeding CLA and (or) MCFA to primiparous and 
multiparous sows in late gestation and lactation. It was hypothesised that feeding 
these ingredients would improve energy levels in neonatal GP and increase IgG 
concentrations in colostrum, enabling them to obtain higher quantities of this 
colostrum and subsequently improve their immunity and pre-weaning survival. 
These nutritional strategies were mostly unsuccessful in improving piglet growth 
performance, colostrum and (or) milk composition, or piglet energetic metabolite 
concentrations. However, feeding CLA improved overall liveborn pre-weaning 
survival (although increased stillbirth rate), and piglets on primiparous and 
multiparous sows fed CLA had (numerically) the highest serum IgG concentrations 
at day 3 post-partum. These findings indicated that attempts to increase GP energy 
levels, growth performance and IgG absorption through feeding CLA and (or) 
MCFA were largely not effective. Therefore, nutritional or other management 
strategies to improve GP performance may be more successful if targeted elsewhere, 
but feeding CLA may be effective at different inclusion rates, which requires further 
investigation. 
In conclusion, the research conducted in this thesis has shown that GP 
represent a substantial loss of production in commercial pig production systems, and 
focusing on improving their performance in the pre-weaning period is crucial to 
improving their lifetime productivity. Thus, management strategies to improve 
lifetime performance of GP should target foetal growth in late gestation to improve 
their physiological development, particularly of the GIT and skeletal muscle. 
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Management strategies should target growth of GP in the pre-weaning period to 
increase weaning weights, as this determines their lifetime performance. Efforts in 
this area may be more beneficial if focused on increasing colostrum and milk 
production in primiparous sows, or improving the efficiency of IgG absorption in 
GP, rather than improving colostrum or milk composition in these animals. 
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Chapter 1: General Introduction 
Progeny born to first parity sows (primiparous sows), known as gilt progeny 
(GP), represent a significant problem for the pork industry as they are born and 
weaned lighter than their counterparts born to multiparous sows (Miller et al., 2012a; 
Carney-Hinkle et al., 2013), take longer to reach a saleable market weight (Schinckel 
et al., 2010), and have a higher incidence of health problems and mortality 
(Holyoake, 2006; Miller et al., 2012b). The reasons for these shortcomings are not 
well understood but are largely thought to be a consequence of the naivety of their 
dams, which are mated at an early age in commercial production, soon after they 
have reached sexual maturity (Dial et al., 1992), and are experiencing gestation, 
farrowing and lactation for the first time. This in turn may have consequences for the 
primiparous sow’s physical development, metabolism during gestation and lactation, 
and their maternal behaviour. For example, primiparous sows continue to grow and 
partition energy and nutrients into body reserves in the first gestation and lactation, 
which reduces the energy available for foetal growth (Everts and Dekker, 1994; Ji et 
al., 2005), mammary development (Farmer and Hurley, 2015), and milk production 
(Clowes et al., 1998; Pluske et al., 1998; Zak et al., 1998). Their ability to digest and 
metabolise several nutrients may be lower in comparison to multiparous sows 
(Kemme et al., 1997; Renteria-Flores et al., 2008; Jacyno et al., 2016), and they may 
experience catabolism late in lactation (Moeller et al., 2004; Yang et al., 2009). 
These phenomena can limit their milk production and compromise future 
reproductive performance. 
Colostrum and milk from primiparous sows contains lower concentrations of 
immunoglobulins (i.e. IgG), possibly contributing to the poorer health of GP by 
providing inadequate immunity in the early stages of life (Klobasa et al., 1986). 
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Furthermore, their inexperience in the first gestation and lactation can affect their 
farrowing and nursing behaviours, having negative consequences for their piglets’ 
health and welfare (Thodberg et al., 2002a,b; Alonso-Spilsbury et al., 2007; Ison et 
al., 2017). Piglet factors, such as low birth weights and reduced colostrum intake, 
also have several negative implications for the lifetime performance of GP, 
restricting development of muscle fibres and other tissues, limiting gastrointestinal 
function and resulting in lower sale weights and inferior reproductive performance in 
comparison to heavier, more robust piglets (Quiniou et al., 2002; Quesnel et al., 
2012). 
It is important to understand the physiological reasons behind why GP have 
reduced performance compared to sow progeny (SP), and where these performance 
differences occur, as this will allow producers to target management strategies to 
improve their overall productivity in the herd. Therefore, the first aim of this thesis 
was to benchmark the whole-of-life performance of GP to understand the extent of 
the underperformance of GP in comparison to SP in commercial production systems. 
Segregation of GP and SP, either from weaning to slaughter or in the grower-finisher 
period, were evaluated as management strategies to improve the performance of GP. 
To gain a deeper understanding of why GP perform differently to SP, the current 
thesis explored the development of various bodily tissues and gastrointestinal 
function of GP compared to SP around birth and weaning. Differences in selected 
components of colostrum and milk composition and energy values between 
primiparous and multiparous sows were also investigated, as well as the subsequent 
acquisition of maternal IgG by GP and SP. Additionally, the use of feeding 
conjugated linoleic acid (CLA) and (or) medium-chain fatty acids (MCFA) in late 
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gestation and lactation was evaluated as a strategy to improve GP performance in a 
commercial setting. 
The general hypotheses tested in this thesis were that GP would be lighter 
and grow slower compared to SP at all stages of life, have reduced reproductive 
performance and have access to colostrum and milk with a lower energetic value due 
to lower fat, protein and lactose contents, and a lower IgG concentration. It was 
therefore expected that GP would be compromised in terms of the development and 
function of several organs and tissues (such as skeletal muscle and the 
gastrointestinal tract) in lactation, leading to a lower chance of lifetime survival in 
comparison to SP. It was further hypothesised that feeding CLA and (or) MCFA in 
late gestation and lactation would improve piglet energy levels, improve colostrum 
and milk composition and therefore improve GP growth performance and pre-
weaning survival. 
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Chapter 2: Literature Review 
2.1 Introduction 
Progeny born to first litter (primiparous) sows, referred to as gilt progeny 
(GP), are generally perceived by pork producers as having poorer performance and a 
higher risk of mortality in comparison to sow progeny (SP). Multiparous sows, due 
to their older age and prior experience as mothers, are regarded as being more 
physiologically, behaviourally and immunologically mature than their primiparous 
counterparts. As a result, SP are considered more robust and better able to deal with 
health challenges, being able to grow faster and therefore having higher overall 
productivity than GP. 
The replacement of breeder sows in pig herds that either die or are removed 
from the breeding herd due to poor reproductive performance is essential to increase 
genetic gain and overall productivity. The current replacement rate of sows in 
Australia is, on average, 56.1% (Australian Pork Limited, 2013; R.Z. Athorn, pers. 
comm.), and this seems representative of the current global situation (Špinka and 
Illmann, 2015). Such a high turnover rate has caused primiparous sows and their 
progeny to represent a high proportion of the herd, hence providing a significant 
contribution to overall productivity. Improving the performance of GP is therefore 
imperative to reduce the burden of having these animals in the herd. A thorough 
understanding of the biological differences between GP and SP is necessary to target 
management strategies and improve GP performance.  
The purpose of the current review is to summarise the published literature in 
terms of the differences in growth performance and health status between GP and 
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SP, and to investigate possible mechanisms for poorer performance in GP that could 
be targeted to improve the overall productivity of GP on farm. 
2.2 Growth Performance of Gilt Progeny 
Within the literature, it is becoming increasingly common to report results for 
reproductive and litter performance traits in terms of sow parity, as it is recognised 
that primiparous and multiparous sows have dramatically different physiology 
during gestation and lactation, and that this has lasting effects on progeny 
performance. Parity is often included in the experimental design or statistical 
analysis of experimental data, and therefore, many studies report performance 
parameters of GP and SP separately and often directly compare the two groups 
statistically. This section of the review aims to summarise these differences between 
GP and SP that are reported in the literature. 
2.2.1 Prenatal Development 
Differences in prenatal development between GP and SP are poorly 
documented in the literature. Foetal and (or) placental weights have only been 
compared between GP and SP in a small number of studies (Town et al., 2005; 
Gatford et al., 2009). Thomas et al. (2018), using a series of equations by Dourmad 
et al. (2008) and the NRC (2012) to predict conceptus weight based on on-farm 
measurements such as sow body weight and total born, found that foetal (conceptus) 
weights were not different between primiparous and multiparous sow litters in early 
gestation (day 5 to 39). However, from day 40 of gestation onwards, predicted 
conceptus weight was lowest in first-parity litters, increasing through parity 2 and 
highest in parity ≥ 3 litters, with this difference increasing towards late gestation 
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(day 75 to 109). In contrast, Gatford et al. (2009) found no difference in actual foetal 
weight between primiparous and multiparous sows at day 50 of gestation, which 
suggests that any differences in birth weight are most likely as a result of 
development in late gestation, after day 50. 
Town et al. (2005) reported that placental sufficiency (ratio of placental 
weight to foetal weight) was higher in parity 2 and parity 3 sows at day 90 of 
gestation compared to primiparous sows, which decreased again in older sows. In the 
study by Gatford et al. (2009), placental weights of GP in the third heaviest foetal 
weight quartile had a higher placental weight than SP in the same quartile, but there 
were no differences within the other foetal weight quartiles. However, there has been 
no difference observed in overall placental weights between primiparous and 
multiparous sows at day 50 of gestation (Gatford et al., 2009) or at term (van Rens 
and van der Lende, 2004), which suggests that placental insufficiency may not be 
responsible for differences in prenatal development between GP and SP. From these 
equivocal results it is clear that further work is required in this area.  
The vitality and ability of GP to first locate the udder after birth may be 
influenced by hypoxia during the farrowing process. Gilt progeny from eutocic 
farrowings have been shown to exhibit physiological and metabolic profiles that 
indicate a higher degree of hypoxia, lower vitality scores at birth, and increased 
latency to first suckle in comparison to progeny from sows up to parity 6 (Roldan-
Santiago et al., 2017). These authors speculated that this was due to primiparous 
sows having a narrower pelvis and exhibiting a higher level of peripartum stress in 
comparison to multiparous sows due to the new environment and (or) the process of 
farrowing itself. However, in this study, progeny from parity 7 sows showed similar 
signs of hypoxia and lower levels of vitality in comparison to GP, and this may be 
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more as a result of a lack of uterine muscle tone in older sows at farrowing (Zaleski 
and Hacker, 1993; see section 2.4.3). 
2.2.2 Birth Weight 
Birth weight is regarded as an important determinant of several subsequent 
performance indicators in pigs (Quiniou et al., 2002; Gondret et al., 2006; Almeida 
et al., 2017b). Table 2.1 shows a summary of studies comparing birth and weaning 
weights between GP and SP. Most studies have reported that GP are born 
significantly lighter than SP. However, the exact magnitude of this difference can 
vary due to different genetics, feeding and other animal management regimes, 
parities of multiparous sows included in the study, time of year, and other aspects of 
the study design. For example, several studies included the same animals over 
subsequent parities (longitudinal studies), and different dietary or management 
treatments. 
On average, GP seem to be born approximately 200 to 250 g lighter than SP 
(Miller et al., 2012a; Carney-Hinkle et al., 2013; Ocepek et al., 2016; 
Vangroenweghe et al., 2016; Gonzalez-Añover and Gonzalez-Bulnes, 2017; Ison et 
al., 2017; Vallet and Miles, 2017). This finding has been consistent over time, with 
Carmichael and Rice (1920) reporting this result back in the 1920s, which has been 
replicated numerous times since (Omtvedt et al., 1965; Fahmy et al., 1971; Hendrix 
et al., 1978; Peters and Mahan, 2008). Santos et al. (2015) and Scales and Schwartz 
(2017) have recently found the difference in birth weight between GP and SP 
progeny (from parity 3 to 5 sows) to be much higher, up to 400 to 500 g. Parity 
structure seems to be a major factor affecting the magnitude of this birth weight 
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difference and parity distribution is often not accounted for in the statistical analysis, 
which may explain disparate results.  
From earlier studies it seems average piglet birth weight initially increases by 
a small amount (50 to 100 g) from parity 1 (GP) to parity 2 (Mahan, 1991; Baas et 
al., 1992; Vesseur et al., 1997; Neil, 1999). However, more recently it has been 
reported that the largest birth weight difference (140 to 200 g) occurs between 
parities 1 and 2 (Freking et al., 2016; Vangroenweghe et al., 2016; David et al., 
2017; Vallet and Miles, 2017). This may be due to increasing litter sizes (Foxcroft et 
al., 2006) and an increased focus on gilt management in recent times, with an 
emphasis on selection for high growth rates resulting in gilts reaching puberty earlier 
(Rozeboom, 2015) and possibly maturing more rapidly between parities 1 and 2. 
Regardless, birth weight differences between GP and SP seem to remain high when 
involving multiparous sows up to parity 4. Generally, it appears that when older 
sows (parity ≥ 5) are included in the analysis, the difference between GP and SP 
birth weight is lower (Carmichael and Rice, 1920; Tantasuparuk et al., 2000; 
Gourdine et al., 2004; Muns et al., 2015; David et al., 2017; Zotti et al., 2017; 
Mallmann et al., 2018; Matheson et al., 2018), and even that GP and progeny from 
parity ≥ 5 sows may have similar average birth weights (Neil, 1999; Da Silva et al., 
2013; Santos et al., 2015).  
Within-litter variation in birth weights is most likely the reason for similar 
average birth weights seen between GP and progeny from older sows. Individual 
birth weight coefficient of variation (CV) within the litter seems to increase linearly 
as parity increases (Zotti et al., 2017). Primiparous sow litters are more homogenous 
in terms of birth weight, with higher litter sizes in older sows (Neil, 1999; Milligan 
et al., 2002b; Gatford et al., 2010; Terry et al., 2015) due to a higher ovulation rate 
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with increasing parity (Foxcroft et al., 2006). This then results in uterine crowding 
and hence disproportionate growth between foetuses (Quiniou et al., 2002; Foxcroft 
et al., 2006). As a consequence of low litter size and birth weights, total litter weight 
of primiparous sow litters are consistently lower than that of multiparous sow litters 
at birth (Moeller et al., 2004; Freking et al., 2016; Gonçalves et al., 2016). Moeller et 
al. (2004) showed that litter weights start low in parity 1 and increase at parity 2, 
remain stable to parity 4 and then decrease from parity 4 onwards. Muns et al. (2015) 
concluded that lighter average birth weights in GP were mostly due to lower weights 
of the heaviest piglets in the litter rather than the presence of more low birth weight 
piglets (defined as < 1.3 kg in this paper), in agreement with Milligan et al. (2002b). 
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Table 2.1 Summary of studies reporting birth weight (BWT) and (or) weaning 
weight (WWT) differences between gilt (progeny born to parity 1 sows) and sow 
progeny (born to parity ≥ 2 sows). 
Dam 
Parity 
Ave. piglet weight (kg)  
Wean age 
 
n (litters) 
Parity P-value  
BWT WWT BWT WWT Reference 
1 
2 and 3 
1.42 
1.56 to 1.64 
8.47 
8.98 to 9.06 
35 d 221 
(sows) 
< 0.01 > 0.05 Fahmy et al. (1971) 
1 
≥ 2 
1.06 
1.25 
  60 < 0.05  Hendrix et al. (1978) 
1 
2 
3 
1.11 
1.32 
1.23 
4.51 
5.02 
4.42 
21 d 106 < 0.10 < 0.10 Young and King 
(1981) 
1 
≥ 2 
1.47 
1.47 
7.50 
7.35 
27 d 110 > 0.10 > 0.10 Pettigrew et al. (1986) 
1 
≥ 2 
1.40 
1.55 
  81 > 0.10  Campbell et al. (1990) 
1 
2 
31 
1.33 
1.45 
1.29 
6.02 
6.99 
5.77 
28 d 60 (sows) < 0.01 (linear 
response) 
< 0.01 
(linear) 
Mahan (1991) 
1 
2 and 3 
4 and 51 
1.53 
1.50 to 1.54 
1.42 to 1.49 
5.90 
6.40 to 6.70 
5.63 to 6.31 
21 d 96 (sows) < 0.01 
(linear) 
≥ 0.05 Mahan (1994) 
1 
2 
1.47 
1.53 
5.70 
6.10 
21 d 319 < 0.05 < 0.001 Vesseur et al. (1997) 
1 
2 
3 to 51 
1.45 
1.45 
1.26 to 1.42 
6.08 
6.61 
5.90 to 6.29 
21 d 50 (sows) < 0.05 
(quadratic) 
≥ 0.05 Mahan (1998) 
1 
2 
≥ 8 
1.41 
1.47 
1.23 
  80 (sows) < 0.001  Neil (1999) 
1 
2 to 4 
51 
1.47 
1.50 to 1.54 
1.46 
5.90 
6.18 to 6.57 
6.56 
21 d 48 (sows) > 0.05 < 0.05 
(linear) 
Mahan et al. (2000) 
1 
2 to 8 
1.42 
1.49 to 1.54 
  5,881 ≤ 0.001  Tantasuparuk et al. 
(2000) 
1 
≥ 2 
 5.53 
4.75 to 5.49 
13 to 21 d 400  0.53 Milligan et al. (2002a) 
1 
2 to 8 
1.32 
1.39 to 1.47 
7.71 
7.78 to 8.18 
28 d 52 
 
< 0.001 < 0.001 Milligan et al. 
(2002b) 
1 
≥ 2 
1.60 
1.78 
  139 0.01  Spencer et al. (2003) 
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Dam 
Parity 
Ave. piglet weight (kg)  
Wean age 
 
n (litters) 
Parity P-value  
BWT WWT BWT WWT Reference 
1 
2 to 10 
1.30 
1.36 
  301 > 0.05  Gourdine et al. (2004) 
1 
≥ 21 
1.56 
1.63 to 1.81 
5.90 
6.22 to 6.48 
17 d 375 > 0.05 < 0.05 
(cubic) 
Peters and Mahan 
(2008) 
1 
2 to 4 
1.40 
1.60 
  32 < 0.05  Geale et al. (2009) 
1 
2 to 10 
 7.70 
8.70 to 9.00 
35 to 42 d 178  < 0.001 Li et al. (2009) 
1 
2 to 4 
1.46 
1.63 
6.90 
7.50 
27 d 720 ≤ 0.001 ≤ 0.001 Gatford et al. (2010) 
1 
≥ 2 
 6.55 
7.91 
28 d 85  < 0.01 Edwards et al. (2011) 
1 
3 and 4 
1.47 
1.62 
6.73 
7.80 
27 d 284 < 0.001 < 0.001 Gatford et al. (2012) 
1 
2 to 10 
1.49 
1.54 to 1.63 
  169 0.38  Li et al. (2012a) 
1 
2 to 5 
1.43 
1.59 
6.90 
7.50 
28 d 64 < 0.05 < 0.05 Miller et al. (2012a) 
1 
2 to 5 
1.44 
1.65 
7.30 
7.54 
24 to 27 d 323 < 0.001 < 0.05 Miller et al. (2012b) 
1 
4 
1.32 
1.56 
  43 < 0.001  Carney-Hinkle et al. 
(2013) 
1 
2 to 5 
6 and 7 
1.38 
1.44 to 1.52 
1.13 to 1.31 
  81 < 0.01  Da Silva et al. (2013) 
1 
≥ 2 
 6.68 
8.07 
28 d 154  < 0.01 Edwards et al. (2013) 
1 
2 to 7 
1.29 
1.39 
  139 0.002  Muns et al. (2015) 
1 
2 to 4 
5 to 7 
1.29 
1.54 to 1.69 
1.21 to 1.30 
  51 < 0.01  Santos et al. (2015) 
1 
2 to 6 
 7.60 
8.60 
26, 28 d 118  < 0.05 Terry et al. (2015) 
1 
2 to 4 
1.33 
1.38 to 1.47 
6.86 
7.80 to 7.90 
28 d 243 < 0.05 < 0.05 Freking et al. (2016) 
1 
≥ 2 
1.29 
1.37 
  1,102 0.001  Gonçalves et al. 
(2016) 
1 
3 
1.51 
1.65 
6.29 
7.11 
24 d 36 < 0.01 < 0.01 van Wettere et al. 
(2016) 
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Dam 
Parity 
Ave. piglet weight (kg)  
Wean age 
 
n (litters) 
Parity P-value  
BWT WWT BWT WWT Reference 
1 
≥ 2 
1.30 
1.51 
  56 0.002  Ison et al. (2017) 
1 
2 to 5 
≥ 3 
1.48 
1.51 to 1.67 
1.43 to 1.44 
  230 > 0.05  Kitkha et al. (2017) 
1 
2 to 6 
7 
1.35 
1.42 to 1.59 
1.68 
  105 < 0.05  Roldan-Santiago et al. 
(2017) 
1 
2 to 4 
1.43 
1.48 to 1.63 
7.20 
8.70 to 9.10 
NR 171 < 0.05 < 0.05 Vallet and Miles 
(2017) 
1 
2 and 3 
4 and 5 
1.33 
1.35 to 1.42 
1.33 to 1.36 
5.16 
5.53 to 5.57 
5.48 to 5.58 
21 d 435 < 0.05 < 0.01 Zotti et al. (2017) 
1 
2 to 5 
1.26 
1.36 
  421 < 0.001  Mallmann et al. 
(2018) 
1 
2 to 9 
1.31 
1.43 to 1.48 
  866 < 0.05  Matheson et al. 
(2018) 
1 
2 to 5 
6 and 7 
1.48 
1.49 
1.61 
  90 NR  Santiago et al. (2019) 
1 Same sows used over consecutive parities; NR = not reported. 
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2.2.3 Pre-Weaning Growth and Weaning Weight 
A summary of studies reporting the differences in weaning weight between 
GP and SP is shown in Table 2.1. It is evident that GP exhibit significantly 
compromised growth in the pre-weaning period compared to that of SP. Piglet 
weaning weight is highly correlated with birth weight (Quiniou et al., 2002) and can 
affect subsequent growth performance, survival rates and carcass characteristics 
(Dunshea et al., 2003; Cabrera et al., 2010). Weaning weights are in general 
significantly lower in GP compared to SP (Table 2.1), and therefore, unsurprisingly, 
most studies report average daily gain (ADG) in the pre-weaning period to be 
significantly lower in GP compared to SP (Hendrix et al., 1978; Miller et al., 2012a; 
Terry et al., 2015; Freking et al., 2016). From Table 2.1 it seems that GP can grow 
anywhere from 4 g/d to 75 g/d slower than SP during lactation, depending on 
lactation length, the parity of the sows and lactation management procedures.  
Studies either report pre-weaning growth rate differences between birth dam 
parities (Hendrix et al., 1978; Miller et al., 2012a; Muns et al., 2015; Terry et al., 
2015; Freking et al., 2016), or between nurse dam parities (Bates et al., 2003; Yang 
et al., 2009; Gatford et al., 2012; Ferrari et al., 2014; van Wettere et al., 2016; 
Mallmann et al., 2018). It seems, rather intuitively, that the parity of the nursing dam 
is most influential on weight gain of piglets in lactation (Ferrari et al., 2014), 
indicating that growth differences are more the result of inherent dam factors, 
specifically milk production. Regardless, piglets born to and (or) suckled by 
primiparous sows are significantly lighter at weaning than their sow-born and (or) 
sow-reared counterparts (Smits and Collins, 2009; Bierhals et al., 2011; Miller et al., 
2012a). In a study by Smits and Collins (2009), SP that were reared by primiparous 
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sows gained significantly less weight than SP that were reared by multiparous sows, 
indicating that milk production in primiparous sows is inadequate for progeny 
growth pre-weaning. Additionally, GP that were reared by multiparous sows had 
significantly higher weight gain than GP that were reared by primiparous sows. 
However, the authors concluded that there was no net benefit in piglet weight gain as 
improvements in GP reared by multiparous sows were negated by losses in SP reared 
by primiparous sows. 
Parity differences in pre-weaning growth and weaning weights follow a 
similar pattern to birth weight, whereby progeny from younger multiparous sows 
(parities 2 and 3) have the highest pre-weaning growth (Fahmy et al., 1971; Neil, 
1999; Solanes et al., 2004), and those from primiparous and older sows (parity ≥ 4) 
have the lowest (Neil, 1999; Damgaard et al., 2003; Solanes et al., 2004; Zotti et al., 
2017). Milligan et al. (2002a) found that GP were heaviest at weaning along with 
progeny born to parity 2 sows, compared to that of sows from parity 3 to 5 and parity 
≥ 6. However, the authors stated that piglets may have been fostered before initial 
weight measurement in this study, which suggests that some piglets classed as GP 
may have actually been SP. Overall, the literature indicates that GP are significantly 
lighter than SP at weaning, and total litter weights are significantly lower for 
primiparous sows at weaning as a result of lower litter sizes and total litter weight 
gain (Fahmy et al., 1971; Mahan, 1994; Gatford et al., 2010; 2012; Terry et al., 
2015; Vallet et al., 2015). Furthermore, Ocepek et al. (2016) reported ‘total maternal 
litter investment’, defined as litter weaning weight, plus weight of all stillborn and 
mummified foetuses, and weight of all piglets that died pre-weaning, to be 
significantly lower in primiparous sows compared to multiparous sows. Within the 
litter, it seems that variation in pig weights increases as parity increases, both in mid-
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lactation (Fraser et al., 1992; Zotti et al., 2017) and at weaning (Milligan et al., 
2002b; Muns et al., 2015; Zotti et al., 2017). Within-litter variation in weaning 
weight of older sows is most likely due to variations in teat productivity, suckling 
behaviour (Milligan et al., 2001), and reduced teat accessibility for piglets (Vasdal 
and Andersen, 2012; Balzani et al., 2016b), which will be discussed later in this 
review.  
2.2.4 Post-Weaning Growth Performance and Carcass Characteristics 
Gilt progeny seem to be lighter than SP at several different stages shortly 
after weaning and grow slower throughout these periods. Piglets born to primiparous 
sows typically grow slower in the weaner period than SP (Mahan, 1991; Bates et al., 
2003), and GP have been shown to be significantly lighter than SP at 6 (Ferrari et al., 
2014), 8 (Zotti et al., 2017) and 10 weeks of age (Miller et al., 2012b). Conversely, 
Holyoake (2006) found no difference in liveweight between GP and SP at 10 weeks 
of age, and Neil (1999) reported that GP actually grew faster than SP between 5 and 
9 weeks of age. Zotti et al. (2017) reported that weight variation within primiparous 
sow litters was present at weaning but was no longer present at 59 days of age. 
Ferrari et al. (2014) found no effect of the parity of either the birth or rearing dam 
(nor their interaction) on post-weaning growth to 42 days of age. Larriestra et al. 
(2006) found that nursing sow was important for determining live weight of progeny 
at 10 weeks of age, not the birth dam parity, which may explain the equivocal 
findings of the aforementioned studies, as both parity groups are seldom reported. 
Reports regarding post-weaning feed intake and feed conversion efficiency are 
scarce, although it seems that GP consume less feed per day than SP in the first 6 
days after weaning (Edwards et al., 2013) and have lower average daily feed intake 
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(ADFI) than SP up to 10 weeks of age, with a similar gain to feed (G:F) ratio (Miller 
et al., 2012b). 
Direct comparisons between GP and SP in terms of their growth to sale and 
carcass characteristics are limited in the peer reviewed literature. However, it is 
widely accepted that GP take longer to reach market weight and contribute to a large 
proportion of the variation between carcass weights and carcass quality encountered 
at sale, impacting overall profitability. Schinckel et al. (2010) predicted from a series 
of models that GP were 4.9 to 5.7 kg lighter at 150 days of age, took 6.2 to 7.5 extra 
days to reach a saleable weight of 125 kg, and had a 4.5 kg lighter carcass than that 
of SP born to multiparous sows of parity 2 to 6. Differences in backfat thickness and 
meat quality parameters at sale between GP and SP remain relatively unknown. 
Tummaruk et al. (2000) reported that P2 backfat depth (65 mm down from the 
midline at the head of the last rib) in breeding gilts born to primiparous sows was 
significantly lower than those born to multiparous sows, but this was not corrected 
for carcass weight and the largest difference was 0.2 mm between GP and SP from 
parity 5 sows. Calderón Díaz et al. (2017) recently reported that carcasses of GP had 
a 1% lower lean meat percentage than SP. However, this difference was not 
statistically significant and GP had the highest cold carcass weights compared to SP 
from sows of parity 2 to 6. Da Silva et al. (2013) found that GP had a lower number 
of secondary muscle fibres at birth than SP from sows up to parity 4, as well as a 
lower semitendinosus muscle weight and area, which may have a carryover effect 
and result in lower muscling of the carcass at sale age (Rekiel et al., 2015). 
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2.3 Health Status of Gilt Progeny 
2.3.1 Maternal Transfer of Immunoglobulin G (IgG)  
Differences in early immunological development between GP and SP have 
not been well characterised in the literature. The most common observation used to 
compare immune competence between the two progeny groups, especially before 
weaning when colostrum intake is the main source of piglet immunity, is through 
serum or plasma IgG concentration. The concentration of circulating IgG, the 
predominant immunoglobulin in pig colostrum, is a good indicator of colostrum 
intake and a higher chance of survival before weaning (Rooke and Bland, 2002). A 
method for the measurement of blood immunocrit ratio was developed by Vallet et 
al. (2013) and was shown to be positively correlated with serum IgG concentration 
and an increased chance of pre-weaning survival. This method is therefore gaining 
traction to measure immunity and predict mortality rate in piglets before weaning. 
In the first 24 hours after birth, GP have significantly lower serum IgG 
concentrations (Klobasa et al., 1986; Ison et al., 2017) and serum immunocrit (Vallet 
et al., 2013; Vallet and Miles, 2017) than SP. Vallet et al. (2015) found that litter 
average immunocrit ratios on the first day of life increased from first to fourth parity 
progeny, which was reaffirmed in a more recent study (Vallet and Miles, 2017). The 
process of ‘gut closure’, thought to occur at around 24 to 48 hours postpartum, 
prevents any more macromolecules (such as IgG) from colostrum passing through 
the small intestine to the piglets’ bloodstream (Speer et al., 1959), which in turn 
means that colostrum intake by the piglet in these first hours of life is vital (Rooke 
and Bland, 2002). It is currently unknown whether the timing of gut closure may 
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differ between GP and SP, and this may impact the differences in serum IgG 
concentrations seen between the two progeny groups shortly after birth. 
As age of the piglet progresses, serum IgG concentration after farrowing may 
also be affected by the rapid change in colostrum immunoglobulin composition, the 
transition from maternal protection to de novo IgG synthesis by the piglet, and the 
rapid increase in growth rate of the piglet at this time. For example, Ferrari et al. 
(2014) found no difference in total serum IgG concentration between GP and SP at 
24 hours of life. Similarly, Nguyen et al. (2013) found that serum IgG concentration 
was similar between GP and SP at 3 days of age, and Miller et al. (2012a) reported a 
similar finding at 2 and 4 weeks of age (weaning) after adjusting for birth weight. 
This contrasts to the findings of Klobasa et al. (1986) who found GP still had 
significantly lower serum IgG concentrations than SP at day 14 of lactation; 
however, the opposite was true by 21 and 28 days of age in this study. A number of 
authors attribute differences in circulating IgG concentrations to be due to the 
haemodilution effect (Miller et al., 2012a; Edwards et al., 2013; Ferrari et al., 2014) 
whereby when piglet weight increases (i.e. in faster growing SP), blood volume 
increases and therefore circulating IgG concentrations decrease in spite of potentially 
higher total IgG absorption. This may explain why Miller et al. (2012a) found 
similar serum IgG concentrations between GP and SP when adjusting for birth 
weight. After weaning, serum IgG concentrations seem to be higher in GP than in SP 
up until at least 68 days of age (Klobasa et al., 1986; Edwards et al., 2013). This may 
be indicative of the suppressive effect of maternal immunity obtained from 
colostrum on the synthesis of IgG by the piglet later in life (Klobasa et al., 1986), 
and antigen specific IgG responses may be different in GP compared to SP (Miller et 
al., 2012a).  
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2.3.2 Pre- and Post-Weaning Mortality and Morbidity 
Findings from studies are inconsistent with regards to the differences in the 
incidence of prenatal mortality (stillbirths, mummified foetuses, and weak, non-
viable piglets at birth) between GP and SP. Neil (1999) reported that the number of 
stillborn and weak piglets at birth increased from parity 1 to parity 10; however, this 
was not expressed as a proportion of total piglets born. Recently, Ocepek et al. 
(2016) and Jang et al. (2017) reported similar prenatal mortality numbers between 
primiparous and multiparous sow litters, but with less total piglets born in 
primiparous sows, which may indicate that the proportion of piglets born dead may 
be higher in these litters.  
Differences in pre-weaning mortality rates between GP and SP are the 
mortality figures reported most consistently in the literature (Table 2.2). Contrary to 
what may be implied by lower provision of maternal immunity in GP, the majority 
of studies seem to report that GP have a higher rate of pre-weaning survival than SP 
(Li et al., 2009; Li et al., 2012b; Miller et al., 2012a; Muns et al., 2015; Gonçalves et 
al., 2016; Vallet and Miles, 2017). However, some studies found no difference 
between GP and SP in terms of pre-weaning mortality (Vesseur et al., 1997; Milligan 
et al., 2002a; Milligan et al., 2002b; Gatford et al., 2010; Nuntapaitoon and 
Tummaruk, 2015; Freking et al., 2016). It seems that SP have higher rates of 
mortality compared to GP in the early high-risk period in the first 3 to 7 days of life 
(Gardner et al., 1989; Mahan, 1994). It is in this period that early colostrum intake is 
vital and newborn piglets, especially those ‘runt’ piglets of low birth weight, are 
particularly prone to hypothermia (Le Dividich et al., 2005). Additionally, crushing 
is the predominant cause of these deaths in SP in this period (Mahan, 1994; Neil, 
1999; Miller et al., 2012a). Few studies analyse pre-weaning mortality for the period 
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from 3 days of age up until weaning, but GP may have higher rates of mortality (or 
risk of dying) in this period than SP (Edwards et al., 2013; Hales et al., 2013). 
Nevertheless, no difference in this period was found between GP and SP in the study 
by Miller et al. (2012b).  
Parities included in each study may have impacted these equivocal results, 
and the parity effects reported differ depending on what parity categories were used 
in each study (Table 2.2). For example, it appears that primiparous and parity 2 sows 
have similar rates of total pre-weaning mortality in their litters (Milligan et al., 
2002b; Koketsu et al., 2006; Freking et al., 2016). Again, it is often not reported 
whether the effect of biological or rearing parity is being referred to in each study. 
However, it is probable that rearing dam parity does not affect pre-weaning survival 
as it does growth performance (Bierhals et al., 2011; Miller et al., 2012a; Ferrari et 
al., 2014). Furthermore, as studies are usually not primarily designed to test parity 
differences in pre-weaning mortality, sample sizes and hence statistical power are 
often lacking to successfully detect parity effects. 
Interactions between dam parity, litter size and individual piglet birth weight 
seem to greatly impact a piglet’s risk of pre-weaning mortality (Roehe and Kalm, 
2000; Milligan et al., 2002a; Milligan et al., 2002b; Muns et al., 2015). Larger litters 
with uneven birth weights seem to have higher rates of pre-weaning mortality, and 
these litters are more common in older parity sows but are also observed in some 
primiparous sow litters. Other confounding influences that may impact pre-weaning 
mortality include herd health status (Moore, 2001), season (Koketsu et al., 2006), 
sow age and genotype (Roehe and Kalm, 2000), gestation and (or) farrowing 
environment (Li et al., 2012a; Jang et al., 2017), gestation (Roehe and Kalm, 2000) 
and (or) lactation length (Koketsu et al., 2006), sow feed intake (Galiot et al., 2018) 
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and other management factors (Bates et al., 2003), which all may interact with sow 
parity. The ways that these factors interact with parity to impact pre-weaning 
mortality is poorly understood and requires further investigation.  
Differences between GP and SP mortality rates after weaning are seldom 
reported in the published literature. It seems GP may have a higher risk of dying in 
the immediate post-weaning period (Holyoake, 2006; Miller et al., 2012b); however, 
some studies showed no difference in mortality between GP and SP in the post-
weaning period (Larriestra et al., 2006; Miller et al., 2012a), and records on 
differences in the grower-finisher period are scarce. Gilt progeny seem to have 
higher morbidity resulting in higher rates of medication (Holyoake, 2006; Miller et 
al., 2012b) and removal from experiments due to poor body condition or illness 
(Miller et al., 2012b) than SP after weaning. Furthermore, GP are at a higher risk of 
lameness than SP prior to sale (Calderón Díaz et al., 2017), yet this finding was not 
corroborated in the study by Miller et al. (2012b). Therefore, there is overwhelming 
evidence that GP have inferior performance in comparison to SP, due to a myriad of 
interlinking factors relating to the anatomy, physiology and behaviour of the 
primiparous sow and of the GP themselves. In this regard, there would seem to be 
several key factors that may be responsible for the underperformance of GP, and 
these are discussed in detail in the next section of this review. 
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Table 2.2 Summary of studies reporting mortality differences between gilt progeny 
(born to parity 1 sows) and sow progeny (born to parity ≥ 2 sows). 
Parity 
group 
 
Period 
Mortality 
(%) 
n 
(litters) 
Parity 
P-value 
 
Reference 
1 
2 to 5 
≥ 6 
18 to 24 h after birth 10.0 
9.0 to 11.0 
12.0 
1,575 NR Matheson et al. (2018) 
1 
2 to 5 
First 3 d 5.5 
7.8 
323 0.017 Miller et al. (2012b) 
1 
2 to 5 
First 3 d 5.5 
13.0 
64 < 0.05 Miller et al. (2012a) 
1 
2 
31 
First 7 d 18.1 
12.6 
28.3 
60 
(sows) 
< 0.01 
(linear) 
Mahan (1991) 
1 
2 
3 to 51 
First 7 d 8.1 
12.3 
15.3 to 20.0 
96 
(sows) 
< 0.01 
(linear) 
Mahan (1994) 
1 
2 to 5 
3 d to wean 
(24 to 27 d) 
6.0 
6.0 
323 > 0.90 Miller et al. (2012b) 
1 
2 
31 
7 d to wean 
(28 d) 
26.2 
3.1 
16.5 
60 
(sows) 
< 0.05 
(quadratic) 
Mahan (1991) 
1 
2 
3 
Birth to 21 d 11.7 
9.0 
11.8 
999 ≥ 0.05 Coffey et al. (1994) 
1 
2 
≥ 3 
Processing to wean  
(13 to 21 d) 
2.2 
4.7 
5.7 to 5.8 
400 0.16 Milligan et al. (2002a) 
1 
2 
≥ 3 
Processing to wean  
(28 d) 
7.1 
3.2 
7.0 to 10.1 
52 
(sows) 
> 0.05 Milligan et al. (2002b) 
1 
2 
≥ 3 
Pre-wean mortality risk 6.5 
6.4 
12.3 to 13.9 
NR < 0.05 Koketsu et al. (2006) 
1 
2 and 31 
Birth to wean  
(wean age NR) 
10.0 
8.7 to 9.9 
1,257 NR Young et al. (2008) 
1 
2 
≥ 3 
Birth to wean  
(28 to 35 d) 
18.8 
19.1 
28.1 to 28.9 
178 < 0.001 Li et al. (2009) 
1 
2 to 4 
Birth to wean  
(26 d) 
27.9 
21.5 
720 0.11 Gatford et al. (2010) 
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Parity 
group 
 
Period 
Mortality 
(%) 
n 
(litters) 
Parity 
P-value 
 
Reference 
1 
2 to 4 
5 and 6 
Birth to wean 
(21 d) 
15.2 
13.3 to 14.1 
16.1 to 17.2 
NR NR Schinckel et al. (2010) 
1 
2 
≥ 3 
Birth to wean  
(27 d) 
8.2 
20.5 
25.7 to 31.7 
169 0.001 Li et al. (2012b) 
1 
2 to 5 
Birth to wean  
(28 d) 
10.6 
23.8 
64 < 0.05 Miller et al. (2012a) 
1 
2 to 7 
Birth to wean  
(23 d) 
5.4 
11.6 
139 < 0.001 Muns et al. (2015) 
1 
2 to 4 
5 to 9 
Birth to wean  
(25 d) 
15.9 
14.5 
16.3 
3,574 0.14 Nuntapaitoon and 
Tummaruk (2015) 
1 
≥ 2 
Birth to wean  
(19 d) 
5.7 
9.4 
225 NR Fan et al. (2016) 
1 
2 
3 and 4 
Birth to wean  
(28 d) 
21.7 
19.8 
26.5 to 28.2 
243 > 0.05 Freking et al. (2016) 
1 
≥ 2 
Birth to wean  
(wean age NR) 
8.9 
13.1 
1,102 < 0.001 Gonçalves et al. (2016) 
1 
2 to 6 
Birth to wean  
(35 d) 
14.3 
12.3 
39 < 0.05 Ocepek et al. (2016) 
1 
≥ 2 
Birth to wean 
(wean age NR) 
13.5 
15.0 to 19.5 
171 < 0.05 Vallet and Miles (2017) 
1 Recorded in the same sows over subsequent parities; NR = not reported. 
2.4 Factors Affecting Gilt Progeny Performance 
2.4.1 Nutrient Metabolism and Catabolism in Lactation in Primiparous Sows 
The primiparous sow is yet to reach maturity and therefore is still partitioning 
energy into her own growth during gestation and lactation (Whittemore, 1996), 
thereby necessitating a higher relative maintenance requirement than older sows 
(Everts and Dekker, 1994). Approximately 30% of weight gain during gestation in 
primiparous sows is contributed to the growth of the sow herself (Ji et al., 2005) 
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rather than development of the foetuses or mammary glands. However, energy 
partitioned into growth of the conceptuses is still of higher priority than that of 
maternal body weight gain in primiparous sows (Everts and Dekker, 1995; Ji et al., 
2005).  
A number of recent studies have reported significantly lower lactation feed 
intake in primiparous sows in comparison to multiparous sows (Gatford et al., 2010; 
Ocepek et al., 2016), a finding that has been consistent over time (e.g. Britt, 1986; 
Coffey et al., 1994; Vesseur et al., 1997). Yang et al. (2009) reported that 
primiparous sows ate 230 g/d less than multiparous sows in lactation, whereas a 
difference of 280 g/d was reported by Davin et al. (2015) and, more recently, 
Mallmann et al. (2018) reported this difference much higher at 1,740 g/d. 
Discrepancies between studies may be affected by weaning age or the multiparous 
sow parities used, as feed intake increases with advancing parity (Mahan, 1991; 
Mahan et al., 2000; Moeller et al., 2004; Jang et al., 2017). The steepest increase in 
lactation feed intake has been shown to occur between parities 1 and 2, increasing 
more gradually from parity 2 onwards (Mahan, 1994, 1998; Mahan et al., 2000). 
These feed intake differences between primiparous and multiparous sows seem to 
occur later in lactation with no difference in the first week of lactation (Gatford et 
al., 2012; Ison et al., 2017), and differences increasing with advancing lactation 
(Gatford et al., 2012). A number of studies have demonstrated that feed intake during 
lactation by primiparous sows is often insufficient for adequate milk production 
(King and Dunkin, 1986; Aherne et al., 1995; Whittemore, 1996; Pluske et al., 
1998). Even when primiparous sows were superalimented via a gastric cannula with 
feed at 125% of their maximum feed intake, they directed almost all of the additional 
absorbed nitrogen towards their maternal reserves rather than milk production 
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(Clowes et al., 1998; Pluske et al., 1998; Zak et al Reduced growth performance in 
gilt progeny is not improved by segregation from sow progeny in the grower-finisher 
phase., 1998). This is in contrast to multiparous sows that direct extra nutrients into 
maternal growth as well as milk production (Boyd et al., 1995). When feed offered 
to lactating primiparous sows is restricted, they mobilise maternal body reserves to 
maintain production of milk, resulting in reduced growth of their litter (Clowes et al., 
1998; Pluske et al., 1998; Zak et al., 1998).  
The smaller physical size of the primiparous sow is accompanied by a 
smaller size and length of the gastrointestinal tract (GIT). Adult sows have an 
increased capacity to digest nutrients through the GIT than growing pigs (Fernandez 
et al., 1986; Le Goff and Noblet, 2001) and a longer transit time of ingesta (Varel, 
1987), allowing more time for digestion and absorption of nutrients (Mosenthin, 
1998). This may result in reduced nutrient digestibility in primiparous compared to 
multiparous sows. In support, it has been found that primiparous sows have a lower 
apparent total tract digestibility (ATTD) of dry matter, energy, organic matter, 
protein, insoluble fibre and some minerals compared to multiparous sows during 
gestation and (or) lactation (Kemme et al., 1997; Renteria-Flores et al., 2008; Jacyno 
et al., 2016). As such, researchers recommend including two separate DE values for 
growing and adult pigs when formulating diets (Fernandez et al., 1986; Le Goff and 
Noblet, 2001). Considering the differences in energy digestibility between 
primiparous and multiparous sows, separate DE values for primiparous and 
multiparous sows may be needed. Overall, the high demand for energy for body 
growth in gestating and lactating primiparous sows coupled with insufficient feed 
intake, smaller GIT size and reduced nutrient digestibility seems to result in 
inefficient milk production and hence contribute to reduced growth of their progeny. 
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The lower lactation feed intake of primiparous sows typically causes a 
catabolic state leading up to weaning. Primiparous sows lose more body condition 
(Schenkel et al., 2010; Ocepek et al., 2016) and greater proportions of their body 
weight (Moeller et al., 2004; Peters and Mahan, 2008; Mallmann et al., 2018) and 
backfat (Moeller et al., 2004; Yang et al., 2009; Jang et al., 2017) in lactation 
compared to multiparous sows, indicative of entry into a catabolic state (Dunshea 
and D’Souza, 2003; Yang et al., 2009). These losses have implications for hormonal 
control of oestrus, with lower luteinising hormone (LH) pulse frequencies in 
primiparous sows compared to multiparous sows at farrowing and weaning (Varley 
et al., 1996; Yang et al., 2009) as well as lower basal LH and follicle stimulating 
hormone (FSH) concentrations in the blood (Yang et al., 2009). Consequently, 
primiparous sows can experience a prolonged first wean to oestrus interval (WOI; 
Shaw and Foxcroft, 1985; Tokach et al., 1992; Yang et al., 2000) and sub-optimal 
reproductive performance in their second parity (Quesnel and Prunier, 1995; Thaker 
and Bilkei, 2005).  
2.4.2 Maternal Age Affects Health Status and Transfer of Passive Immunity 
Intuitively, older animals have been exposed to a higher number and range of 
pathogens and have had more time to develop their immune competence (Friendship 
and O’Sullivan, 2015). This suggests that primiparous sows at the time of gestating 
and nursing their first litter are relatively more naïve than more mature multiparous 
sows. Furthermore, this first farrowing marks their exposure to a new, unfamiliar 
environment (i.e. the farrowing house) and a new group of potentially unfamiliar 
pathogens. This becomes particularly important in determining the maternal transfer 
of humoral immunity to their piglets soon after farrowing. A higher proportion of 
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primiparous sows in the herd is associated with higher rates of infection from notable 
pathogens such as Streptococcus suis and Mycoplasma hyopneumoniae (Sanz et al., 
2002), especially when breeding gilts are introduced to the farm from an external 
source. This increased pathogenic challenge in younger, more naïve primiparous 
sows may contribute to reduced transmission of maternal immunity to their offspring 
through colostrum, affecting the ability of these progeny to mount their own immune 
response to pathogenic challenges in the suckling period and beyond (Le Dividich et 
al., 2005). 
Total serum immunoglobulin concentrations increase with advancing age in 
growing pigs (Petersen et al., 2002) as well as in breeding sows (Klobasa et al., 
1985), which is also reflected in an increase in total serum protein (Friendship et al., 
1984) and a lower albumin/globulin ratio in multiparous sows compared to 
primiparous sows (Friendship et al., 1984; Verheyen et al., 2007). Serum IgG 
concentrations of lactating sows seem to increase as parity increases up until parity 
4, and similarly IgM concentrations increase to parity 3, but IgA serum 
concentrations may not differ between parities (Klobasa et al., 1985). 
Compromised acquisition of maternal immunity in GP could have both direct 
and indirect effects on their growth performance, health status and survival to 
weaning and beyond. Not only could failure to mount an adequate humoral immune 
response result directly in morbidity or death of the piglet early in life when 
acquisition of maternal humoral immunity, especially that of IgG, is paramount 
(Rooke and Bland 2002), but these challenges may also have indirect effects on the 
growth efficiency of these animals. For example, energy redirected to elicit an 
acquired immune response to a pathogen (or any associated innate inflammatory 
response) may be diverted from thermoregulation, growth of the musculoskeletal 
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tissues and (or) growth of the GIT, resulting in inefficient digestion of nutrients and 
a reduced ability to suckle effectively. Unfortunately, with the desire to breed from 
gilts as soon as they reach sexual maturity to ensure longevity and minimise the 
number of non-productive days (NPD), this naivety in the first parity is unavoidable. 
This enforces the need for good quarantine, biosecurity and vaccination procedures 
to ensure increased productivity and health status of GP. 
2.4.3 Farrowing and Nursing Behaviour 
The age of the sow can impact the farrowing process. Primiparous sows have 
a narrower birth canal, since they have not experienced a prior farrowing (Pejsak, 
1984; Vanderhaeghe et al., 2013). On the other hand, older sows (parity ≥ 5) have 
reduced uterine muscle tone (Zaleski and Hacker, 1993; Rootwelt et al., 2013) and 
hence farrowing duration can be prolonged (Cronin et al., 1993; Vanderhaeghe et al., 
2013). Piglets in these situations can be asphyxiated and may be less vital at birth or 
be stillborn (Le Cozler et al., 2002; Alonso-Spilsbury et al., 2007). 
Primiparous sows have been shown to exhibit more savage behaviour 
towards piglets, resulting in death or serious wounds, compared to more experienced 
multiparous sows (van der Steen et al., 1988; Alonso-Spilsbury et al., 2007), which 
is thought to be due to a lack of maternal experience (Randall, 1972). Stress induced 
by the farrowing process can lead to aggressiveness and restlessness in primiparous 
sows that may experience a higher level of stress and pain at this time compared to 
older sows (Thodberg et al., 2002a; Mainau and Manteca, 2011). Furthermore, 
inexperienced primiparous sows show less maternal behaviours such as nest building 
in comparison to sows that have previously experienced farrowing and lactation 
(Jarvis et al., 2001; Thodberg et al., 2002a,b). However, Ocepek and Andersen 
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(2017) recently found no effect of parity (primiparous vs. multiparous; parities 2 to 
6) on nest building activity, communication between the dam and her piglets or 
‘protectiveness’ of the dam in an individual loose-housed farrowing system, all of 
which had a substantial impact on piglet survival in that study. Furthermore, it was 
found that primiparous sows exhibited less putative pain behaviours in response to 
an intramuscular injection (of either ketoprofen or saline) after farrowing in 
comparison to older sows (Ison et al., 2018). This was thought to be as a result of 
heightened recontraction and involution of the uterus after farrowing in older sows, 
possibly exacerbated by oxytocin release in response to nursing, as is the case in 
humans (Deussen et al., 2011). 
A major cause of mortality in postnatal piglets is crushing from the sow or 
‘overlaying’ (Fraser, 1990; Alonso-Spilsbury et al., 2007). The incidence of crushing 
is more frequent in litters of older parity sows with a high degree of litter variation 
(Weary et al., 1998) and may be secondary to other health issues affecting the 
viability of the piglet, and therefore its capacity to escape before being overlain 
(Alonso-Spilsbury et al., 2007). With a higher proportion of SP being classed as low 
birth weight, particularly those born to older parity sows (i.e. parity ≥ 6; Milligan et 
al., 2002b), it is likely that this may contribute to a higher incidence of crushing in 
these litters as piglets with low average weight gain (Weary et al., 1998) that have 
been poorly fed spend more time at the udder and near the sow (Fraser, 1990; Weary 
et al., 1996).  
If there is a higher incidence of anoxia during delivery in SP born to older 
sows (i.e. parity ≥ 5), as discussed earlier, this may reduce the vitality of a higher 
proportion of SP in comparison to GP and therefore their ability to escape crushing 
in time. In the farrowing crate, the increased size of the older sow would reduce the 
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size of the free area of the farrowing crate available for the piglet to escape. Pedersen 
and Jensen (2008) found that primiparous sows had a greater occurrence of ‘near-
crushing incidents’ in the first 48 hours after farrowing than multiparous sows, 
although they speculated that this may be due to more pre-lying behaviour in 
multiparous sows to congregate their piglets in one area out of the way before lying 
down.  
The difference in frequency and type of postural changes between 
primiparous and multiparous sows may also have an effect on the probability that a 
piglet is crushed. Uncontrolled body movements and postural changes in sows have 
been shown to increase crushing incidence (Damm et al., 2005), and the larger 
physical size of older parity sows may result in them having difficulty controlling 
their posture changes in a confined space such as in a farrowing crate (Thodberg et 
al., 2002b; Li et al., 2012a; Ison et al., 2017). This may also impact teat access for 
piglets. On one hand, it has been reported that primiparous sows may purposefully 
impede the nursing of their piglets, especially when stressed around parturition 
(Thodberg et al., 2002b; Alonso-Spilsbury et al., 2007). On the other, the number of 
postural changes increases the time to first suckle for newborn piglets (Rohde Parfet 
and Gonyou, 1990), and the interval between nursing and milk ejection was shown 
to be longer in older parity sows (Fraser and Thompson, 1986). Fraser and 
Thompson (1986) found that there was no difference in time to begin nursing 
between first and second parity after a period of piglet separation. Teats may be 
more accessible to piglets nursing primiparous sows, since they spend more time 
lying laterally than older sows (Ison et al., 2017), and higher parity sows with more 
pendulous udders find it difficult to expose the bottom row of teats when nursing 
(English et al., 1977). Multiparous sows have a lower proportion of functional teats 
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in the first place (Vasdal and Andersen, 2012) and more variation in milk production 
between teats (Fraser and Thompson, 1986; Fraser et al., 1992). Furthermore, 
smaller piglets may not suckle as vigorously as large piglets (King et al., 1997), 
which may fail to stimulate oxytocin and therefore maintain hormonal feedback 
loops, reducing local milk let-down in the teat they are suckling (Fraser, 1984; 
Cabrera et al., 2012). 
2.4.4 Mammary Development and Success in Lactation 
Maternal age can have a significant impact on mammary development, udder 
morphology, and uptake of nutrients into the mammary gland. Mammary gland size 
and wet weight (Nielsen et al., 2001), number and activity of milk producing cells 
(Head and Williams, 1991), and total mammary DNA and RNA content (Farmer et 
al., 2010) have all been shown to be good indicators of milk yield in sows. As the 
mammary glands continue to develop as sows age (Farmer and Hurley, 2015), it 
would be expected that the udder of primiparous sows is significantly smaller than 
that of older multiparous sows during lactation, impacting colostrum and milk 
production. This has been confirmed recently in both a longitudinal and cross-
sectional study comparing udder morphological dimensions over several parities 
(Balzani et al., 2016b), in agreement with studies on other agricultural species such 
as the ewe (Fernandez et al., 1995; Casu et al., 2006) and the cow (Zwertvaegher et 
al., 2012). The process of mammary development differs between primiparous and 
multiparous sows, with a proportionally higher increase in mammary volume during 
lactogenesis in primiparous sows (Farmer and Hurley, 2015), as a result of both 
cellular hyperplasia and hypertrophy (Kim et al., 1999). This compares to 
multiparous sows where this is the result of hypertrophy alone (Farmer and Hurley, 
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2015). Udder morphology can influence teat access and therefore piglet latency to 
first suckle and total colostrum and (or) milk intake (Vasdal and Andersen, 2012; 
Balzani et al., 2016b). Mammary development appears to be more uniform across 
the udder in primiparous sows, with discrepancies in teat size and weight between 
posterior and anterior teats more pronounced as parity advances (Dyck et al., 1987; 
Nielsen et al., 2001). This is most probably due to higher litter sizes and reduced 
piglet uniformity at birth in litters of older sows.  
Primiparous sows have lower serum prolactin and oxytocin concentrations 
than multiparous sows before farrowing (Quesnel et al., 2013; Yun et al., 2014), 
which may cause reduced colostrum and milk yields (Foisnet et al., 2010) as 
lactation is initiated by a sudden decrease in progesterone resulting in a pre-partum 
peak in prolactin concentration (Taverne et al., 1982; Farmer et al., 1998). Farmer et 
al. (1995) found similar serum prolactin concentrations between primiparous and 
multiparous sows 24 hours after farrowing, and higher progesterone concentrations 
in primiparous sows, suggesting a lower prolactin-progesterone (PRL/P4) ratio in 
primiparous sows around farrowing. A higher PRL/P4 ratio around farrowing is 
correlated with higher colostrum yield (Loisel et al., 2015) suggesting colostrum 
yields could be lower in primiparous sows. 
If milk removal by piglets does not occur mammary involution occurs, and 
this cannot be rescued after 40 to 60 hours of mammary regression (Theil et al., 
2005). Primiparous sows are thought to impede suckling of their piglets, most 
probably as a result of inexperience (Alonso-Spilsbury et al., 2007), which may lead 
to premature involution of mammary glands. Furthermore, it has been shown that 
primiparous sows are more at risk of becoming ill soon after farrowing (Tummaruk 
and Sang-Gassanee, 2013), and this can disrupt lactogenesis. Indeed, Mahan (1994) 
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and Mahan et al. (2000) found that younger sows, namely primiparous and parity 2 
sows, had a higher incidence and severity of mastitis, metritis, agalactia (MMA) 
syndrome than older sows. Ocepek et al. (2016) recently reported higher losses of 
body condition during lactation in primiparous sows compared to older sows, 
coupled with a higher incidence of shoulder lesions. However, Gatford et al. (2010) 
found no difference in the incidence of lactation failure between primiparous and 
multiparous sows in their study.  
2.4.5 Colostrum Production and Composition 
Due in part to these effects of maternal age on mammary development and 
endocrine control of lactation, the production and composition of colostrum and milk 
are also greatly influenced by dam parity. It is likely that compromised growth and 
health in GP are affected by the capacity of the primiparous sow to produce 
colostrum; the intake of colostrum by the piglet and its ability to suckle; and 
colostrum composition, in particular the concentrations of macronutrients and 
immunoglobulins (i.e. IgG), all of which affect energy metabolism, GIT 
development, and acquisition of maternal immunity in progeny.  
Colostrum yield varies greatly among sows (Devillers et al., 2007; Foisnet et 
al., 2010), with differences reported in the literature between primiparous and 
multiparous sows being conflicting (Quesnel et al., 2015). The highest colostrum 
yields are observed in parity 2 and 3 sows (Devillers et al., 2007; Decaluwe et al., 
2013; Nuntapaitoon et al., 2019), and some studies report that primiparous sows 
have a lower colostrum yield than these sows (Devillers et al., 2007; Ferrari et al., 
2014; Nuntapaitoon et al., 2019). Others have reported that it was similar (Decaluwe 
et al., 2013), or that colostrum yield was not different between parities (Devillers et 
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al., 2005; Quesnel, 2011; Declerck et al., 2015). Assessment of yield may depend on 
the method used to measure colostrum yield, which can be done through the weigh-
suckle-weigh or deuterium oxide (D2O) dilution techniques, or via equations 
developed in the literature (Devillers et al., 2004; Theil et al., 2014; Quesnel et al., 
2015). Comparisons of individual piglet colostrum intake between GP and SP are not 
common, largely due to colostrum intake being difficult to measure directly 
(Devillers et al., 2004; Theil et al., 2014). However, it seems that colostrum available 
per piglet in primiparous sow litters is significantly lower to that in multiparous sow 
litters, owing to a lower total colostrum yield from these sows (Ferrari et al., 2014). 
This is understandable considering individual colostrum intake generally increases 
with increasing birth weight (Fraser and Rushen, 1992; Devillers et al., 2007; 
Quesnel, 2011). 
Concentrations of immunomodulatory factors in colostrum are likely 
impacted by the level of antigen exposure of the dam. This is supported by the 
observation that colostrum IgG concentration increases with parity (Inoue et al., 
1980; Klobasa and Butler, 1987). However, and more recently, it seems that 
colostrum IgG concentrations may be more similar between parities (Quesnel, 2011; 
Kielland et al., 2015; Balzani et al., 2016a; Hasan et al., 2016; Ison et al., 2017). 
Studies measuring the parity effect on colostrum IgG concentration are summarised 
in Table 2.3. Results from studies specifically comparing primiparous and 
multiparous sow colostrum are equivocal, for example, Ison et al. (2017) detected no 
difference between colostrum IgG concentrations between the two groups, while 
Cabrera et al. (2012) observed significantly lower IgG concentrations in the 
colostrum of primiparous sows compared to multiparous sows of parities 2 to 8. As 
the mean parity reported by Ison et al. (2017) was 4.6 and Cabrera et al. (2012) did 
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not report mean parity in their study, this discrepancy may be because IgG 
concentrations appear to be highest in older sows of parity 5 or greater (Quesnel, 
2011).  
Immunoglobulin G is usually the predominant isotype studied; however, in 
terms of other immunoglobulins, it seems that primiparous sow colostrum has the 
lowest IgA content (Inoue, 1981a; Klobasa et al., 1986), and Inoue (1981b) found 
that colostrum from primiparous sows had the highest IgM concentrations whilst 
Klobasa and Butler (1987) found IgM concentration was largely similar amongst 
most parities and highest in older sows. These differences are not well studied in the 
present literature; however, lower IgA and IgM concentrations in primiparous sow 
colostrum may have several implications for the performance of GP, and this 
demands further study. For example, a reduction in IgA acquired by the piglet may 
interact with the establishment of the GIT microbiome (Carney-Hinkle et al., 2013), 
and de novo synthesis of immunoglobulins by the piglet may be affected (Klobasa et 
al., 1986).  
Discrepancies between studies in terms of parity differences in colostrum and 
milk composition may be as a result of genetic differences (Szyndler-Nędza, 2016; 
Picone et al., 2018), season (Picone et al., 2018), vaccination and medication 
(Mainau et al., 2016) and (or) nutrition (Farmer and Quesnel, 2009; Quesnel et al., 
2012). Colostrum and milk composition, especially that of IgG concentrations, can 
also vary greatly according to timing of sample collection (Theil et al., 2012), udder 
section sampled (Inoue et al., 1980; Atwood and Hartmann, 1992; Farmer and 
Quesnel, 2009; Wu et al., 2010), oxytocin administration (Farmer et al., 2017) and 
farrowing induction (Foisnet et al., 2011; Vallet and Miles, 2017).  
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The macronutrient profile of colostrum is often poorly studied in comparison 
to that of mature milk, and generally shows equivocal results. Total concentration of 
fat in colostrum seems to be highest in primiparous sows and decreases after parity 1 
(Mahan, 1998; Declerck et al., 2015; Szyndler-Nędza, 2016). The fatty acid 
composition of colostrum seems to differ among parities, as shown by Luise et al. 
(2018), although primiparous sows were not used in that study. Colostrum protein 
concentration is similar between primiparous and multiparous sows in most studies 
(Declerck et al., 2015; Szyndler-Nędza, 2016), and lactose concentrations have been 
found to be lower in primiparous sows in some studies (Szyndler-Nędza, 2016) and 
similar to that of multiparous sows in others (Declerck et al., 2015; Picone et al., 
2018).  
Concentrations of growth factors and other bioactive factors in colostrum 
with regards to parity differences have been poorly studied. Insulin-like growth 
factor I (IGF-I) concentrations in colostrum from primiparous sows was found to be 
lower than that of sows from parity 3 onwards (Averette et al., 1999) but equal to 
that of parity 2 sows (Monaco et al., 2005); however, there were higher 
concentrations in colostrum from parity 2 control sows compared to parity 1 control 
sows in the latter study. More clarification in this area is warranted to understand 
how these possible differences may impact early development of the GIT and other 
tissues in GP.  
42 
 
Table 2.3 Studies investigating the difference in colostrum IgG concentration 
between sows of different parities. 
Study Parities n Timing of sampling Parity effect 
Inoue et al. (1980) 1 to 11 157 0 h IgG lowest from parities 1 to 3, 
highest from parities 4 to 10 and 
low again at parity 11 
Klobasa et al. (1986) 1 to 10 46 0 h, 12 h IgG similar (P > 0.05) across 
parities 
Klobasa and Butler 
(1987) 
1 to 12 75 0 h, 12 h IgG lowest in parity 1 to 3 sows 
Quesnel (2011) 1 to 9 72 0 h, 24 h IgG similar (P > 0.05) between 
parities, dependent on genotype1 
Cabrera et al. (2012) 1 to 8 82 0 h IgG lowest (P < 0.001) in 
primiparous compared to 
multiparous sows 
Kielland et al. (2015) 1 to 8 62 After birth of first 
(early), sixth (mid) and 
last piglet (late) 
IgG similar (P > 0.05) across 
parities 
Balzani et al. (2016a) 1 to 12 124 Before and during 
farrowing 
IgG similar (P > 0.05) across 
parities2 
Hasan et al. (2016) 1 to 9 11 0 h to 3 h IgG similar (P > 0.05) across 
parities2 
Ison et al. (2017) 1 to ≥ 8 108 6 h IgG similar (P > 0.05) across 
parities 
Vallet and Miles (2017) 1 to 4 20 30 min after birth of 
first piglet 
IgG highest in parity 13 
1 Within Large White x Landrace sows, IgG was lowest (P < 0.05) in primiparous compared to 
multiparous sows at 24 h but not 0 h. 
2 Measured as Brix (%) with refractometer. 
3 Main effect of parity not reported. Significant (P < 0.01) interaction between parity and farrowing 
induction treatment (yes or no).  
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2.4.6 Milk Production and Composition 
Milk yield seems to increase as parity increases with primiparous sows 
producing less milk than multiparous sows (Speer and Cox, 1984; King, 2000; Beyer 
et al., 2007; Ngo et al., 2012), which is in agreement with the lower growth rates of 
GP in lactation as discussed previously. In a meta-analysis of 21 studies measuring 
milk yield in sows, Hansen et al. (2012) concluded that there were no differences in 
milk yield between parities on day 5 or day 20 of lactation, but primiparous sows 
had the lowest yield on day 30. This is most likely a result of decreased suckling 
pressure due to low birth weights and litter numbers, as these factors influence the 
number of functional mammary glands and are the most important determinants of 
milk yield (Auldist et al., 1998). Adjusting litters to a standard number and weight 
removed the effect of parity on milk yield in the study of Boyce et al. (1997), 
supporting this notion. The largest increase in milk yield is between parities 1 and 2 
(King, 2000), although second-parity sows may still suffer from the energy demand 
of the first lactation (Gonzalez-Añover and Gonzalez-Bulnes, 2017) and hence it is 
reasonable to conclude that this may impact their milk production. Hereafter, milk 
yield seems to be highest in parities 3 and 4 (King, 2000) and declines as sows reach 
parity 5 (Ngo et al., 2012).  
The concentration of IgG in mature milk in regard to parity seems to follow a 
similar pattern as colostrum (Klobasa et al., 1986). Fat concentrations typically fall 
as parity increases (Mahan, 1998; Peters and Mahan, 2008; Declerck et al., 2015), 
with the highest difference between parities 1 and 2 (Mahan, 1998). Peters and 
Mahan (2008) reported a quadratic response of milk fat concentration to parity, 
increasing after parity 4. Primiparous sows generally lose more backfat during 
lactation than multiparous sows (Spencer et al., 2003), which may be due to different 
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energy partitioning during lactation and may alter the fat content of the milk (Mahan, 
1998). In contrast to these results, Klobasa et al. (1987), Baas et al. (1992), and 
Szyndler-Nędza (2016) observed no differences in milk fat concentrations between 
parities. Milk fat concentrations may be highly variable depending on stage of 
lactation, nutrient intake, breed, etc. (Hurley, 2015), which may explain some of the 
conjecture in the literature.  
Overall, lactose and protein concentrations in milk do not seem to be affected 
by parity (Klobasa et al., 1987; Baas et al., 1992; Quesnel et al., 2013; Declerck et 
al., 2015), but studies comparing milk composition throughout the course of 
lactation are scarce. Beyer et al. (2007) measured milk comprehensively throughout 
lactation, milking 4 times per day from farrowing until weaning (28 days after 
farrowing). They found significantly lower protein and lactose concentrations in 
milk from primiparous sows compared to from multiparous sows, and that the time-
course of these changes over lactation was similar between parities. More recently, 
Szyndler-Nędza (2016) reported higher protein and lower lactose in milk from 
primiparous sows at day 14 of lactation compared to in parities 2 and 3 and 
concluded that milk composition was not repeatable in the same sow over 
consecutive parities. These results suggest that differences in milk composition 
between sows of different parities is more complex than first thought and requires 
further investigation. 
2.4.7 Lifetime Impacts of Low Birth Weight and Colostrum Intake 
The lighter weight of GP at birth may have several negative implications for 
their lifetime performance. The lighter a piglet is at birth, the less vital it is due to an 
increased surface area to volume ratio and will have proportionately less fat and 
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glycogen stores, which has consequences for thermoregulation as this allows for 
more heat loss soon after birth (Rooke and Bland, 2002). Consequently, birth weight 
has been highly correlated with chance of pre-weaning survival, with lower birth 
weight piglets having a significantly reduced survival chance (Fix et al., 2010; 
Edwards and Baxter, 2015). Furthermore, piglets born very light (often < 800 g) are 
usually classified as suffering from intrauterine growth restriction (or retardation; 
IUGR), resulting in asymmetrical foetal development and affecting their morphology 
at birth and ability to adapt to extrauterine life. Classically defined, IUGR can relate 
to any impairment of growth and development of the mammalian foetus and (or) it’s 
organs during gestation (Wu et al., 2006). This phenomenon is common in pigs, with 
Wu et al. (2004) reporting that 15 to 20% of piglets born exhibit some form of 
IUGR.  
The term IUGR is usually reserved for ‘runt’ piglets born to older parity sows 
with high litter sizes (Wu et al., 2006), where asymmetric distribution of nutrients to 
each foetus occurs and usually results in one or two very small piglets at birth. 
However, it may be a plausible assumption that all GP undergo some degree of 
IUGR, as the smaller uterine size of primiparous sows may act to limit the space 
available for conceptus growth, as well as the growth and functionality of the 
placenta (Town et al., 2005). A reduction in foetal glucose supply has been observed 
in cases of IUGR (Jones et al., 1988), and oxygen transfer to the foetus is also 
limited in these cases (Carter, 1993). These effects may have a lasting influence on 
piglet metabolism (Foxcroft et al., 2006), intestinal morphology, and enzymatic 
digestion processes (Wang et al., 2005; D’Inca et al., 2011; Chen et al., 2015). 
Furthermore, several studies have shown that piglets born lighter have fatter 
carcasses (Gondret et al., 2006; Collins et al., 2007; Rehfeldt et al., 2008), poorer 
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meat quality in regards to pH and drip loss (Rehfeldt and Kuhn, 2006; Rehfeldt et 
al., 2008), and reduced lean growth and meat tenderness due to a change in 
distribution and size of primary and secondary muscle fibres (Quiniou et al., 2002; 
Gondret et al., 2006; Rehfeldt and Kuhn, 2006), in comparison to their heavier 
counterparts. This may be further exaggerated in IUGR piglets (Alvarenga et al., 
2013). 
There is little in the published literature regarding restrictions in uterine space 
in primiparous sows and its consequences during the development of GP, and it is 
unknown as to whether GP exhibit similar traits at birth to IUGR piglets, such as a 
reduced brain to liver ratio (Bauer et al., 1998), dolphin-like head shape (Hales et al., 
2013) or morphological indices such as lower ponderal index (PI) and (or) body 
mass index (BMI; Douglas et al., 2016; Huting et al., 2018). It is also unknown 
whether this may have implications for GIT function as it does for classically 
recognised IUGR piglets (Wu et al., 2006). Differences in metabolism during 
gestation in primiparous compared to multiparous sows may also affect foetal 
development in utero. Maternal nutrition plays a pivotal role in determining foetal 
growth (Dickinson et al., 1962; Ferrell, 1991; Redmer et al., 2004; Wu et al., 2006), 
and malnourishment of the dam in gestation has been linked with increased rates of 
IUGR in humans and rodents (Lima et al., 2017; Wang et al., 2017). Therefore, it is 
reasonable to believe that IUGR may occur in GP as a result of the lower feed intake 
in primiparous sows compared to multiparous sows and redirection of nutrients 
towards her own growth in gestation rather than that of the litter. 
Regardless of whether GP can be classified as IUGR, their lighter weight at 
birth in comparison to SP may have several negative implications for their lifetime 
growth and survival rates. Lighter piglets at birth (low birth weight; LBW) have been 
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shown to have a decreased intake of colostrum (Fix et al., 2010; Quesnel, 2011; 
Ferrari et al., 2014), and birth weight is used in prediction equations for colostrum 
intake (Devillers et al., 2004; Theil et al., 2014). A colostrum intake of 200 g has 
been determined as the level to ensure survival of piglets (Devillers et al., 2011), but 
this may be even more for LBW piglets (Ferrari et al., 2014). As larger piglets 
consume more colostrum (Fix et al., 2010), and the amount of colostrum available 
for each piglet is reduced as litter size increases (Devillers et al., 2007), this leaves 
even less colostrum available for the LBW piglets. Colostrum intake is often 
correlated with long-term growth performance to weaning and beyond (Quesnel et 
al., 2012), with piglets with a higher colostrum intake in the first 24 hours of life 
growing faster and being heavier at weaning and 6 weeks of age (Devillers et al., 
2011).  
Colostrum contains several bioactive factors such as epidermal growth factor 
(EGF), insulin-like growth factors I (IGF-I) and II (IGF-II), and hormones and 
regulatory peptides such as insulin and lactoferrin (Xu et al., 2000). These bioactive 
factors are responsible for the rapid growth in the GIT, as well as protein synthesis in 
other tissues such as vital organs and skeletal muscle (Burrin et al., 1997), and can 
therefore influence lifetime growth efficiency. It is therefore not surprising that LBW 
and IUGR piglets have been shown to have a longer, thinner intestine (D'Inca et al., 
2010; D’Inca et al., 2011), reduced villous size and length (Wang et al., 2005; D'Inca 
et al., 2010), and a higher degree of intestinal injury making the small intestinal 
barrier more susceptible to harmful pathogens in these animals (Everaert et al., 2017) 
compared to heavier born piglets. In fact, 2-day-old IUGR piglets have shown to 
have up to a 62% reduction in total absorptive surface of the small intestine in 
comparison to normal birth weight piglets (D’Inca et al., 2011). 
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Birth weight and colostrum intake can also influence reproductive 
development and therefore performance in the breeding herd. Low birth weight is 
associated with poorer reproductive performance in breeding females (Magnabosco 
et al., 2015; Magnabosco et al., 2016). Breeding gilts that are born light have lower 
numbers of medium sized (3-5 mm) antral follicles in the ovary at 150 days of age; 
however, they have similar weight and length of the reproductive organs before 
breeding (Almeida et al., 2017a,b) in comparison to heavier born gilts. Light birth 
weight females have also been shown to produce less piglets over 3 parities than 
their heavier counterparts (Magnabosco et al., 2016). Furthermore, boars that were 
lighter at birth were shown to have smaller testes size and may produce 34% less 
semen doses in their lifetime compared to normal birth weight boars (Auler et al., 
2017).  
Components of colostrum and milk have also been identified as having a 
major role in the early development of the reproductive system in gilts (Bagnell et 
al., 2017; Bartol et al., 2017) and boars (Rahman et al., 2014) in a phenomenon 
known as the ‘lactocrine hypothesis’. Colostrum and milk contain hormones such as 
relaxin and prolactin (Bartol et al., 2008) and, as previously mentioned, the growth 
factors IGF-I and IGF-II (Xu, 1996) that assist in the development of reproductive 
organs such as the ovaries, uterus, mammary glands, testes and male accessory sex 
glands (Bartol et al., 2008; Rahman et al., 2014; Bagnell et al., 2017; Bartol et al., 
2017). Accordingly, low colostrum intake in piglets, measured as plasma immunocrit 
ratio 24 hours after birth, has been negatively correlated with higher ages at puberty 
and first mating and lower litter sizes in breeding females (Vallet et al., 2015).  
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2.5 Possible Management Strategies to Improve Gilt Progeny 
Performance 
2.5.1 Parity Segregation 
To improve management of breeding females, primiparous and multiparous 
sows are often housed separately during gestation in commercial production 
(Gonyou, 2002; Li et al., 2012b). This means the first exposure of younger 
primiparous sows to multiparous sows is entry into the farrowing house in very late 
gestation, where their immunocompetence may be compromised and the health 
status of the newborn litter may be affected. This may also reduce the transfer of 
maternal immunity to their GP offspring (Klobasa et al., 1985). To combat this, 
some farms in the USA have practiced parity segregation, in which primiparous 
sows and their progeny are housed completely separate to multiparous sows and their 
progeny (Moore, 2001; Boyd et al., 2002; Donovan, 2004). This system has been 
reported to improve the growth performance and disease incidence of GP and works 
on the premise that primiparous sows and GP can then be managed separately to 
multiparous sows and SP, reducing costs of vaccinations and medications, and 
improving management of these animals. Since GP are more susceptible to 
pathogens than SP (McOrist et al., 2009; Brean et al., 2016), separate management of 
these animals may improve their health and growth performance in these herds. 
However, mixing GP with healthier, more robust SP may actually reduce the 
transmission of pathogens (Friendship and O’Sullivan, 2015), reduce their 
competition for feed, increase feed intake in GP and improve their performance.  
This system requires additional housing space and labour for transport of 
primiparous sows to the multiparous sow herd once they have weaned their first 
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litter. These (now) second parity sows are still encountering pathogens from the 
multiparous sow herd at this stage, and it is unknown what the implications of this 
may be for their reproductive capacity in the second mating, in terms of wean to 
oestrus interval (WOI), farrowing rate, and progeny performance, for example. The 
practice of oral microbial exposure may help to combat this (Arruda, 2010), 
controlling the exposure of young primiparous sows to pathogens from the 
multiparous sow herd, increasing transmission of maternal immunity to their 
offspring and improving their immune response to those pathogens when 
encountered later on; however, the published literature on this topic is scarce. 
Success of such a system would be dependent on herd health status, genetics, 
nutrition and other management factors. 
2.5.2 Dietary Interventions in Late Gestation and (or) Lactation – Conjugated 
Linoleic Acid and Medium-Chain Fatty Acids 
Feeding specialised nutrients, feed additives and supplements either to the 
sow in late gestation and (or) lactation or to the piglets directly before weaning have 
been shown to improve pre-weaning piglet growth and survival. A number of these 
may have additional benefits for GP, and therefore the focus in this section of the 
review will be on feed additives that have been shown to improve vitality, serum IgG 
concentrations and pre-weaning survival rates of newborn piglets. Feeding 
supplemental fat from alternate sources is one such strategy. These effects on 
colostrum and milk composition have been extensively studied (Farmer and Quesnel, 
2009; Hurley, 2015). Altering the fat source in the diet may improve fat 
concentrations in colostrum and milk, and may have immune modulating properties, 
hence improving the pre-weaning survival rate of piglets (Pettigrew, 1981; Hurley, 
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2015). Two examples of such additives are conjugated linoleic acid (CLA) and 
medium-chain fatty acids (MCFA). 
Feeding CLA to sows during late gestation and lactation has the potential to 
alter fatty acid metabolism in sows and piglets, improving growth performance of 
progeny and subsequent fertility of the sow. The benefits of CLA to human and 
animal nutrition have been extensively studied (Pariza et al., 2001), and many of 
these benefits have been observed in pigs (Dugan et al., 1997; Ostrowska et al., 
1999; Ostrowska et al., 2002). Conjugated linoleic acid refers to a group of 
positional and geometrical isomers of linoleic acid (18:2) which are conjugated, 
meaning there is one single carbon-carbon bond (methyl group) separating the two 
double bonds. The two main isomers important in swine nutrition are cis-9 trans-11 
CLA and trans-10 cis-12 CLA, which both have a known biological function (Pariza 
et al., 2001).  
Gestation and lactation diets containing CLA seem to alter the fatty acid 
composition and increase the concentration of CLA isomers in sow and piglet 
tissues, and in colostrum and milk (Bontempo et al., 2004; Poulos et al., 2004; Park 
et al., 2005; Peng et al., 2010). A number of studies supplementing CLA have found 
improvements in progeny pre-weaning performance (Bee, 2000a,b; Corino et al., 
2009; Cordero et al., 2011) and survival rates (Hadaš et al., 2013). 
Immunomodulatory abilities of CLA have also been observed in pigs, which has 
been shown to exhibit anti-inflammatory properties (Bassaganya-Riera et al., 2001; 
Corino et al., 2002; Lai et al., 2005) and increase maternal transfer of 
immunoglobulins to piglets early in life (Bontempo et al., 2004; Corino et al., 2009; 
Moraes et al., 2012; Wu et al., 2015). Bontempo et al. (2004) found IgG 
concentration significantly increased in sow and piglet serum when supplementing 
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0.5% CLA, and these concentrations persisted in piglet serum until 35 days after 
weaning. These results were corroborated by Corino et al. (2009) and Wu et al. 
(2015) who also found an increase in sow and piglet serum IgA and IgM 
concentrations. After a post-weaning E. coli challenge, piglets from sows fed 2% 
CLA showed heightened serum concentrations of IgG and IgA and a reduced 
incidence and severity of scours (Patterson et al., 2008).  
Despite showing promise in increasing survival and improving acquired 
maternal immunity in newborn piglets, there has been little attention paid to whether 
feeding CLA has specific advantages for progeny from primiparous sows. In most 
studies supplementing CLA, primiparous sows were either not included (Corino et 
al., 2009; Peng et al., 2010; Cordero et al., 2011; Wu et al., 2015), parities were not 
reported (Bontempo et al., 2004; Poulos et al., 2004; Park et al., 2005; Hadaš et al., 
2013), or outcomes were not reported separately for primiparous vs. multiparous 
sows or their progeny (Harrell et al., 2000; Patterson et al., 2008; Krogh et al., 2012). 
Medium-chain fatty acids are of particular interest in the nutrition of pigs due 
to their rapid digestion, absorption and oxidation (Odle, 1997), as well as their anti-
pathogenic potential (Zentek et al., 2011). Mechanisms of pathogen deactivation 
may include anionic surfactant function (Mroz et al., 2006), destabilisation of 
bacterial cell walls and membranes by incorporation into the membrane itself and 
(or) inhibition of bacterial lipase (Isaacs et al., 1995; Bergsson et al., 1998; Bergsson 
et al., 2002), initiating cell death via disassociating within the bacterial cell and 
lowering pH (Freese et al., 1973; Hsiao and Siebert, 1999), or by triggering cell 
autolysis by activation of bacterial enzymes (Tsuchido et al., 1985). 
Medium-chain fatty acids can be fed to pigs either in their free fatty acid 
form, or in the form of medium-chain triglycerides (MCT). High levels of MCT are 
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present in coconut oil, palm kernel oil (not to be confused with palm oil), and 
Cuphea spp. seed oils (Wilson et al., 1960; Graham et al., 1981). Feeding MCT to 
sows in late gestation and (or) lactation has been shown to improve survival of 
piglets, especially those of low birth weight (Rosebrough et al., 1981; Azain, 1993; 
Jean and Chiang, 1999). This may be a result of the MCFA and resultant ketone 
body metabolites (such as β-hydroxybutyrate) passing through to the progeny and 
providing a subsequent energy source (Thulin, 1985; Thulin et al., 1989) either 
through the placenta or through colostrum and milk. In addition, direct 
administration of MCFA or MCT to neonatal and growing pigs has been shown to 
improve their survival and performance (Dierick et al., 2002; Hewitt et al., 2015), 
which may be due to improvements in neonatal energy stores (Odle et al., 1991; 
Odle, 1997) and (or) positive effects on GIT microbiota and (or) GIT integrity 
(Dierick et al., 2002; Dierick et al., 2003). The fatty acids may be utilised by the 
enterocytes themselves for energy, increasing the integrity of intestinal cells in 
piglets (Dierick et al., 2003). Given the lower birth weights and vitality scores of GP 
at birth, feeding MCFA or MCT to primiparous sows may have further benefits for 
improving the pre-weaning survival rates of GP, which has not been well studied. 
2.6 Conclusion 
Gilt progeny are responsible for a significant loss of production due to their 
lower weights at birth, weaning and sale, and higher rates of mortality in comparison 
to SP. However, the exact extent of these differences and the reasons why they occur 
have not been thoroughly investigated in the literature. For example, foetal 
development differences between GP and SP, as well as the differences in colostrum 
and milk production and composition between primiparous and multiparous sows 
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and their interactions with progeny physical and reproductive development, remain 
elusive. Current research is focused on improving sow longevity in the herd to 
reduce sow turnover to minimise the number of primiparous sows in the herd. 
However, removal rates continue to remain high (Špinka and Illmann, 2015) and 
continuous replacement of breeding stock is necessary for continued genetic gain. 
Few studies have been able to identify the best practice for managing GP on 
farm in an efficient and cost-effective way, as the physiological and developmental 
reasons behind why they do not perform as well as SP are poorly understood. 
Therefore, the overall aim of this thesis will be to understand the differences in 
lifetime growth and reproductive performance between GP and SP, and how these 
are impacted by colostrum and milk composition, acquisition of maternal immunity, 
and early physiological development differences between the two progeny groups. 
The current thesis aims to address these questions in order to target specific 
management strategies towards improving the performance of GP that are most 
likely to improve their lifetime productivity and chance of survival. 
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3.1 Summary 
3.1.1 Objective  
To quantify the performance of gilt progeny in the F1 breeding herd at a large 
swine farm in New South Wales, Australia (Rivalea Australia Pty Ltd). 
3.1.2 Materials and methods 
Performance data on all gilts selected for entrance to the commercial 
breeding herd from January 2014 until December 2015 were included in this study. 
Comparisons were made between gilt and sow progeny in terms of the proportion of 
animals to reach first breeding, performance to parity 4, and longevity to parity 3. 
3.1.3 Results 
Gilt progeny were lighter than sow progeny at each live weight measurement 
(P < .001), and had a higher P2 backfat level at selection than sow progeny (P = .02) 
at the same live weight. Gilt progeny selected into the breeding herd reached first 
breeding before 220 days of age less often than sow progeny (P < .001) and were 1 
day older at first breeding (P = .003). Sow progeny had a lower farrowing rate from 
this breeding (P < .001). After the first breeding, there were few differences in 
performance indices between groups for the first four parities. There were no 
statistically significant differences between the groups in terms of longevity indices. 
3.1.4 Implications 
Fewer gilt progeny may be selected to enter the breeding herd; however, after 
farrowing their first litter, selected gilt progeny perform just as well as sow progeny. 
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While it is recommended to continue to include gilt progeny in the replacement-gilt 
selection process, further research in this field is recommended. 
3.2 Introduction 
Gilts represent a significant proportion of the Australian breeding herd, with 
recent sow turnover rates in Australia reported at 56.1%, and with 22.7% of sows 
bred being primiparous1. First litter progeny born to these sows (“gilt progeny”) are 
eligible for selection as replacement gilts themselves in nucleus and F1 breeding 
herds.  
Gilt progeny, however, are generally born2,3 and weaned4,5 lighter than 
progeny born to multiparous sows, are lighter at the conclusion of the finishing 
stage,6 and exhibit higher rates of disease and mortality in the early stages of 
development before and immediately after weaning.3,7 Differences in growth 
performance may be a consequence of breeding gilts at a young age, when they are 
still partitioning energy into their own growth rather than the growth of their 
fetuses,8 and when uterine capacity may be limiting.9,10 Higher morbidity and 
mortality rates in gilt progeny may be caused by differences in colostrum intake, 
quality, and absorption, as colostrum from gilts may be lower in yield11 and may 
contain lower concentrations of immunoglobulins (Ig)12-14 and growth factors15,16 
than colostrum from sows of higher parities. These characteristics may have negative 
implications for the selection of gilt progeny as replacements in the breeding herd 
and their reproductive performance and overall longevity. 
Gilt progeny are more likely to be selected into nucleus herds that utilise 
estimated breeding values (EBVs) in their selection process as a result of increased 
genetic turnover. In F1 multiplier herds, which may not have EBVs calculated, 
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having lighter body weights at selection as a result of slower growth rates early in 
life may cause a greater proportion of gilt progeny to fail to be selected for breeding. 
Little is known about the effect of dam parity on reproductive performance of the 
resulting progeny; however, there is evidence to suggest that being born to a gilt can 
result in lower re-breeding rates and prolonged wean-to-estrus intervals (WEIs).17 
Additionally, females that are compromised in terms of birth weight,18 colostrum 
intake and immune status,19,20 and growth rate and live weight around the time of 
selection and first breeding,21-23 have been shown to exhibit a poorer reproductive 
capacity. 
Research in this field is warranted to give an understanding of the effects of 
selecting gilt progeny as breeding females in order to determine whether it is 
economically viable to involve these smaller, slower growing progeny in the 
selection process. If these progeny are compromised in terms of reproductive 
capacity and longevity in the breeding herd due to the shortcomings mentioned, 
producers could make decisions about their selection processes to improve herd 
efficiency. The purpose of this study was to benchmark the reproductive 
performance of F1 gilts born to primiparous sows (gilt progeny) compared to that of 
gilts born to multiparous sows (sow progeny) and investigate their reproductive 
outcomes in the breeding herd. It was hypothesized that gilt progeny would take 
longer, or indeed fail, to reach first breeding more often, and would have higher rates 
of gestation failure, lower litter sizes at birth and weaning, longer WEIs, and poorer 
overall reproductive longevity. 
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3.3 Materials and Methods 
3.3.1 Animals 
This experiment involved collection of retrospective production data records 
under commercial field conditions. In this case, animals were not manipulated 
beyond what would be required for diagnostic purposes and were adequately housed 
and humanely cared for according to the Model Code of Practice for the Welfare of 
Animals: Pigs (Australia; PISC, 2008). Retrospective production records for a total 
of 18,136 gilts (Primegro; bred on farm) selected to enter the multiplier (F1) 
breeding herd at Rivalea Australia’s site in Corowa, New South Wales, from 1 
January 2014 to 31 December 2015, were included in this study. This included 3164 
gilt progeny (parity 1) and 14,972 sow progeny (parities 2 to 9; average 3.6). 
Records analyzed prior to selection were therefore included only for gilts that were 
selected to the breeding herd, as including data from animals not selected, but 
eligible for selection, was beyond the scope of this study.  
Within this multiplier herd, gilts were selected on-site at approximately 23 to 
24 weeks of age. Selection criteria included live weight (gilts had to be heavier than 
70 kg at selection to be used for breeding); body, vulva, and udder conformation; teat 
number; and absence of physical defects such as hernias or lameness. Selection was 
carried out each week by a small group of trained staff, with personnel rotated each 
day. These selection criteria were different from those used for the nucleus herd, 
which included calculation of EBVs on the basis of reproductive and growth 
performance of relatives, live weight and backfat at selection, and numerous other 
records. 
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These animals were managed under commercial conditions at Rivalea 
Australia’s Corowa site. The site consisted of five farms, all of which housed 
gestating sows in group pens throughout gestation in various group sizes depending 
on farm (space allowance approximately 2 m2 per sow). Once selected, gilts were 
kept for approximately 5 weeks at the parent farm, after which they were transported 
to the breeding barn of one of the five individual farms for boar exposure and estrus 
detection from this period onwards (approximately 28 to 29 weeks of age, depending 
on farm). Gilts were then brought to the designated breeding area at least once daily 
and exposed to a number of “teaser” boars to stimulate puberty. Gilts were bred by 
artificial insemination at the second observed estrus; however, they might also have 
been bred at first or third (or later) estrus depending on the farm, time of year, and 
management recommendation indicated by the approximate weight at each observed 
estrus (measured by the Allometric Growth Tape for Gilts; Swine Reproduction and 
Development Program (SRDP), University of Alberta, Edmonton, Canada). The 
growth tape approximated the live weight of the animal at estrus according to the 
circumference of the girth at the level of the shoulder with recommendation of either 
breeding or measuring again at the next observed estrus (101 to 135 kg), breeding at 
the observed estrus (136 to 150 kg), or not breeding (< 100 kg or > 150 kg) on the 
basis of this approximation. 
Gilts were given ad libitum access to a number of commercial weaner and 
grower diets from weaning until selection, and a specific gilt developer diet from 
selection until first breeding. In gestation, gilts and sows were fed approximately 2.3 
to 2.5 kg per day of a commercial gestation diet up until farrowing. Access to feed 
was ad libitum during lactation, except in the first 4 days after farrowing where they 
were fed on a step-up program. 
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3.3.2 Data Collection 
Data was extracted from Rivalea Australia’s record-keeping program 
(PigFM). All records for all females selected during the experimental period were 
used in the analysis. This meant that females were at different stages of their 
reproductive life cycle at the end of the recording period; however, this was 
accounted for in the statistical analysis. Records analyzed prior to selection included 
birth litter size (BLS; n = 18,136), birth weight (BWT, kg; n = 12,815), 21-day 
weight (21WT, kg; n = 9263), teat number at birth (Teat#; n = 14,156), post-
weaning weight (approximately 2 weeks post weaning; PWWT, kg; n = 3224), 
selection weight (at approximately 23 to 24 weeks of age; SelWT, kg; n = 13,201), 
and selection backfat (P2, mm; n = 3929). Live weights at 21 days of age and 
PWWT of a subset of these gilts were obtained from an ongoing subsequent project 
(R. Z. Athorn, K. L. Bunter, J. R. Craig; unpublished data, 2017). 
Gilts were categorized into quartile groups according to their birth and 
selection weights, with the groups being light (< 1.39 kg at birth and < 95 kg at 
selection), medium (1.39 to 1.59 kg; 95 to 102 kg), heavy (1.60 to 1.83 kg; 103 to 
110 kg), and extra heavy (> 1.83 kg; > 110 kg). 
Records analysed after selection included age at first observed estrus (not 
recorded for every gilt; AgeO1; days; n = 2640), age at first breeding (whether 
successful or not; AgeB1; days; n = 14,077), days between first observed estrus and 
first breeding (B1-O1; days; n = 2390), approximate weight at first breeding 
(measured using the growth tape, SRDP; B1WT; kg; n = 10,448), and days between 
selection and first breeding (B1-Sel; days; n = 14,077). Age at breeding (Age; days), 
gestation length (GL; days), number born alive (BA), number of stillbirths (SB), 
number of mummified fetuses (Mumm), total born (TB), lactation length (LL), 
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number of pigs weaned (#W), and subsequent WEI were recorded at each parity 
achieved in the recording period, regardless of the number of the breeding at which 
this parity was achieved. Records analyzed for lifetime performance within the 
recording period included traits relating to sow medications, such as total number of 
medication events (Med#; n = 18,136) and age first medicated (AgeMed; days; n = 
2338). Average WEI (AveWEI; days; n = 8266), total breedings (TotB; n = 14,077), 
total litters produced (TotL; n = 14,077), and total number of reproductive failures 
(returns, abortions, negative tests, etc.; #RF; n = 14,077) were also analyzed, along 
with age (AgeRem; days) and parity (ParRem) at death or removal from the herd (n 
= 3332). 
3.3.3 Statistical Analysis 
Data were analyzed using SPSS software (IBM SPSS; Version 21.0). 
Continuous variables (e.g., first breeding age, number weaned) were analyzed using 
the MIXED procedure, with dam treatment (gilt progeny versus sow progeny) as a 
fixed factor, and other blocking and (or) nuisance factors and covariates included in 
the final model as appropriate. Outliers (> 1.5 times the interquartile range from the 
mean) or obvious data input errors were excluded from the analysis. Nuisance 
factors and covariates found to have significant effects on some of the traits 
measured included birth month (BMth), birth litter size (BLS), age (Age), and 
weight (WT) of the animal at measurement, farrowing barn (Barn[Farm]), breeding 
month, total breedings (TotB), and age at the end of the experimental period 
(Ageatend), and these were included in the analysis as appropriate. There was no 
effect of farm on any trait measured, and this was therefore omitted from the overall 
model. 
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Five binomial traits were set up to evaluate first breeding achievement and 
(or) success and longevity to parity 3, based on appropriate ages at which to reach 
these milestones referenced in the literature,24,25 and calculated from gilts that 
reached these milestones during the experimental period: bred prior to 220 days of 
age (first bred at or before 220 days of age; females at least 220 days of age by the 
end of the experimental period), bred prior to 270 days of age (first bred at or before 
270 days of age, of females at least 270 days of age by the end of the experimental 
period), removed before first breeding (removed from herd before being bred at least 
once, of females that were not bred at or before 270 days of age), reached parity 3 
(farrowed a third litter at or before 700 days of age, of females at least 700 days of 
age by the end of the experimental period), and removed before parity 3 (removed 
prior to farrowing a third litter, of females that had not farrowed a third litter at or 
before 700 days of age).  
A limit was set on the age of the sows at the end of the experimental period 
to include only sows that had reached the age at which they would have the 
opportunity to achieve these milestones. The success of the first breeding was 
analyzed on the subset of sows that had achieved a first breeding, regardless of the 
age at which this was reached. For the females removed prior to first breeding or 
parity 3 within the appropriate age ranges, removals were grouped as reproductive, 
health, structural, or other reasons, and analyzed as binomial traits. 
An additional binomial trait (Medicated) was set up to assess the frequency 
of sows medicated at least once before reaching parity 3, and this was based on the 
subset of sows that had successfully reached parity 3 within the experimental period. 
Medications recorded after sows had reached parity 3 were not included in this 
analysis. Binomial variables and ratios of birth and selection weight categories were 
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analyzed using chi square (χ2). Values of P < .05 were considered significant and 
values of P < .10 were considered trends. 
3.4 Results 
3.4.1 Live Weight 
Sow progeny were heavier (P < .001) than gilt progeny at all periods where a 
live weight was obtained (Table 3.1). Birth weight of gilt progeny was even lighter 
when correcting for the smaller litter size (total born) of their birth litter (12.39 ± 
0.07 pigs for gilt litters versus 13.71 ± 0.05 for sow litters). Gilt progeny had a 
higher (P < .001) number of animals in the light birth weight group than sow 
progeny (39.2% and 23.0%, respectively), and this was also the case at selection 
(32.0% and 25.8%, respectively). Sow progeny grew faster (P < .001) than gilt 
progeny from birth until selection (601 ± 6 g per day versus 581 ± 6 g per day, 
respectively). Age at selection (AgeSel) tended to be higher (P = .06) for gilt 
progeny, and therefore models for selection parameters were adjusted accordingly, 
where the effect of AgeSel was significant (Table 3.1). At selection, there was no 
difference in backfat between groups (gilt versus sow progeny, 14.9 ± 0.4 mm versus 
15.0 ± 0.4 mm, respectively; P = .66). However, when corrected for their lighter 
body weight at this time, gilt progeny (15.5 ± 0.3 mm) had greater backfat (P = .02) 
than sow progeny (15.2 ± 0.2 mm). 
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Table 3.1 Estimated marginal means and statistical models used for the mixed 
models analysis of growth traits up until selection and reproductive traits from 
selection to first breeding for gilt progeny (GP) and sow progeny (SP) selected to 
enter the Rivalea (Australia) F1 breeding herd between 1 January 2014 and 31 
December 2015. 
Trait Model GP SP P-value 
Liveweight 
BWT (kg) y = Tmt + BMth 1.44 ± 0.01 1.64 ± 0.01 < .001 
21WT (kg) y = Tmt + BMth + BLS + Age21WT 5.47 ± 0.08 6.58 ± 0.08 < .001 
PWWT (kg) y = Tmt + BMth + BLS + AgePW 11.0 ± 0.3 12.7 ± 0.3 < .001 
SelWT (kg) y = Tmt + BMth + BLS + AgeSel 99.1 ± 0.9 102.7 ± 0.9 < .001 
B1WT (kg)* y = Tmt + BMth + BLS + AgeB1 141.0 ± 0.5 142.7 ± 0.4 < .001 
First breeding 
AgeSel (days) y = Tmt + BMth 169.3 ± 0.6 169.2 ± 0.6 .06 
AgeE1 (days) y = Tmt + BMth + AgeSel 200.0 ± 0.7 199.9 ± 0.6 .79 
AgeB1 (days) y = Tmt + BMth + BLS + AgeSel 223.6 ± 1.2 222.4 ± 1.1 .003 
Sel-B1 (days) y = Tmt + BMth + BLS + AgeSel 54.5 ± 1.2 53.2 ± 1.1 .003 
* Measured using the Allometric Growth Tape for Gilts (Swine Reproduction and Development 
Program, University of Alberta, Edmonton, Canada). Data are expressed as mean ± standard error and 
P < .05 was considered significant (chi-square analysis). 
BWT = birth weight; 21WT = 21-day weight; PWWT = post-weaning weight; SelWT = weight at 
selection (approximately 23-24 weeks of age); B1WT = weight at first breeding; AgeSel = age at 
selection; AgeE1 = age at first estrus; AgeB1 = age at first breeding; Sel-B1 = days from selection to 
breeding; Tmt = dam treatment (gilt versus sow); BMth = birth month; BLS = birth litter size; 
Age21WT = age at 21-day weight; AgePW = age at post-weaning weight. 
 
3.4.2 First Breeding 
There was no difference (P = .79) between gilt progeny and sow progeny in 
terms of age at which first estrus was observed. However, age at first breeding was 
higher in gilt progeny (P = .003; Table 3.1) and gilt progeny had a greater (P = .01) 
number of days between detection of first estrus and first breeding in the gilts that 
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had their first estrus recorded. From selection, gilt progeny took approximately 1 
more day (P = .003) to reach first breeding than sow progeny.  
Fewer (P < .001) selected gilt progeny were bred by 220 days and 270 days 
of age than selected sow progeny (Table 3.2). As a proportion of gilts not bred prior 
to 270 days of age, more (P = .04) gilt progeny were removed from the herd than 
sow progeny, while more sow progeny remained active in the herd (Active in herd; 
Table 3.2). Of the females removed from the herd before first breeding, more (P < 
.001) gilt progeny were removed for reproductive reasons (ie, anestrus) than sow 
progeny, whereas more (P = .01) sow progeny were removed for health reasons 
(e.g., sudden death, ill thrift), and tended to be removed more often (P = .09) for 
structural reasons (e.g., lame, prolapse, udder defects; Figure 3.1). 
Of the gilts that had been first bred in the experimental period, more (P < 
.001) sow progeny were bred unsuccessfully than gilt progeny, resulting in a lower 
farrowing rate (Table 3.2), with more pregnancies failing due to reproductive reasons 
(Figure 3.1) as signified by return to estrus, negative pregnancy test, abortion, etc.  
 
3.4.3 Lifetime Reproductive Performance 
There was no significant difference in total born between the two groups at 
parity 1 (P = .51; data not shown). Gilt progeny tended to have fewer (P = .09) born 
alive at their first parity than sow progeny when adjusted for total born (10.78 ± 0.02 
versus 10.83 ± 0.03 piglets, respectively), and fewer (P = .02) piglets weaned than 
sow progeny (9.21 ± 0.07 versus 9.34 ± 0.08 piglets, respectively). There were no 
differences (P ≥ .05) between the groups in terms of number of stillbirths or number 
of mummified fetuses (data not shown). There were few differences between the 
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treatment groups for any trait analyzed in the subsequent parities (2 to 4; data not 
shown). Between weaning the second litter and the subsequent breeding, gilt 
progeny tended (P = .05) to have a longer WEI than sow progeny (5.91 ± 0.21 
versus 5.48 ± 0.08 days, respectively). At parity 3, gilt progeny tended (P = .09) to 
have a lower total born (TB) than sow progeny (13.25 ± 0.16 versus 13.53 ± 0.08 
piglets, respectively); however, this difference was not reflected at other parities. 
There were no differences (P = .54) between numbers of females medicated in either 
progeny group (Table 3.2). Sow progeny were medicated more often (P = .02) in 
their reproductive lifetime than gilt progeny (0.28 ± 0.01 versus 0.24 ± 0.02 
medication events per sow, respectively). 
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Table 3.2 Results (means) from the chi-square (χ2) analysis of binomial traits from 
first breeding until parity 3 compared between gilt progeny (GP) and sow progeny 
(SP).* 
Trait GP (%) SP (%) χ2 P-value 
Selection to first breeding     
Bred prior to 220 days of age† 40.5 44.4 14.61 < .001 
Bred prior to 270 days of age‡ 80.7 84.4 21.10 < .001 
Not bred prior to 270 days of age‡ 19.3 15.6 21.10 < .001 
Removed 88.4 84.7 4.29 .04 
Active in herd§ 11.6 15.3 4.29 .04 
First breeding FR 86.4 82.6 15.74 < .001 
Longevity to P3¶     
Reached P3¶ 47.5 49.7 0.89 .35 
Did not reach P3¶ 52.5 50.3 0.89 .35 
Removed 93.9 94.2 0.03 .86 
Active in herd** 6.1 5.8 0.03 .86 
Medicated 26.3 27.9 0.38 .54 
* Chi-square (χ2) test analysis for binomial traits, described in Table 3.1; P < .05 was considered 
significant.  
† Of females ≥ 220 days of age at the end of the experimental period.  
‡ Of females ≥ 270 days of age at the end of the experimental period.  
§ Gilts not bred most likely due to failing to reach puberty or management decisions (eg, not at 
optimal breeding weight), but remain in the herd and are eligible to be bred (have not died or been 
removed, such that Removed + Active in herd = 100%). 
¶ Of females ≥ 700 days of age at the end of the experimental period.  
** Sows that have not farrowed their third litter most likely due to prolonged non-productive days, but 
remain in the herd and are eligible to reach parity 3 (have not died or been removed, such that 
Removed + Active in herd = 100%).  
FR = farrowing rate; P3 = parity 3. 
 
3.4.4 Longevity 
There were no differences (P ≥ .10) between gilt and sow progeny in terms of 
longevity in the herd to parity 3 (Table 3.2). There was no difference (P ≥ .10) 
between groups in terms of average WEI, total breedings, litters and reproductive 
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failures, and age and parity at removal (data not shown). Reasons for removals prior 
to parity 3 did not differ between gilt and sow progeny (Figure 3.1). 
 
 
Figure 3.1 Removal reasons (A) prior to first breeding (females ≥ 270 days of age 
by the end of the experimental period) and (B) prior to parity 3 (females ≥ 700 days 
of age by the end of the experimental period) for gilt progeny (GP) and sow progeny 
(SP) analyzed using chi-square (χ2).  
No symbol indicates no significant difference between GP and SP (P ≥ .10); * P < .10 indicates a 
trend; † indicates a significant difference at P < .05; ‡ indicates a significant difference at P < .001. 
 
3.5 Discussion 
The overall objective of this study was to evaluate, in a retrospective manner, 
the reproductive performance and longevity in the breeding herd of progeny born to 
primiparous sows (“gilt progeny”) selected as replacement females. It was found 
that, in accordance with previous studies,5,6,26 selected gilt progeny were born lighter, 
grew more slowly, and were therefore lighter at later ages, such as at 21 days of age, 
2 weeks after weaning, at selection, and at first breeding. As this study included only 
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gilts selected to stay in the breeding herd, these figures may be even more disparate 
if the data for females that were not selected or eligible for selection due to lighter 
body weights, morbidity, or mortality were able to be included in the analysis. 
Gilt progeny had more backfat than sow progeny at selection after adjusting 
for their lower body weight. This may be due to differences in birth weight, as some 
studies27-29 report that low birth weight piglets (LBW; < 1.2 kg) have a higher fat-to-
lean ratio at slaughter (or in this case, at selection). This may be due to increased 
adipocyte numbers in the carcass as the result of heightened activity of fatty acid 
synthase and malic enzyme in backfat tissue.27 Low birth weight pigs also have 
fewer secondary muscle fibres at birth, which may translate into less lean muscle at 
older ages.30 
Collectively, these results suggest that any differences in growth over the 
lifetime of a selected gilt born to a gilt are direct results of being born and weaned 
lighter than sow progeny. Strategies to increase birth weights and (or) growth rates in 
the pre-weaning period may improve the reproductive performance of these gilts. 
However, improving birth weights of gilt progeny may be difficult, as pressure to 
breed gilts earlier in life24 means their parity 1 dams are still partitioning energy into 
their own growth and energy metabolism,8,31-33 and may not have the uterine and (or) 
mammary capacity to support such large litters. Therefore, improving growth during 
the pre-weaning period using techniques such as cross-fostering34,35 and feeding 
supplemental milk,26 may be an opportunity to improve the subsequent growth of gilt 
progeny to improve their chances of being selected for the breeding herd and of 
being more reproductively successful. 
The results of this study suggest that gilt progeny have higher rates of 
anestrus and take approximately a day longer to reach first breeding than their sow 
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progeny counterparts. This is in accordance with other studies that found that low 
birth weight,19,36 restricted access to colostrum,20,37 and low growth rates22,38 in gilts 
can result in prolonged days from entry to puberty and first breeding and (or) slower 
rates of sexual maturation. Lighter gilts at selection have been shown to have lower 
levels of estradiol, IGF-I, medium to heavy follicles, and lighter reproductive tracts 
than heavier gilts,39 which may suggest that lighter gilt progeny may be less sexually 
developed than sow progeny at selection. However, age at first observed estrus in the 
two progeny groups in the present study did not differ significantly, which may 
suggest that age at first breeding was prolonged in gilt progeny due to these gilts not 
being at a desired weight (as estimated by allometric growth tape) by their first estrus 
rather than as a result of being more immature reproductively. However, it is 
important to note that in this commercial system, age at first observed estrus is not 
always recorded, which may be a confounding influence. The result that gilt and sow 
progeny reached first estrus at the same age should therefore be interpreted with 
some caution. With this in mind, the finding in the present study that sow progeny 
had a lower farrowing rate at first breeding than gilt progeny was unexpected. One 
study17 found that younger gilts at first breeding were more likely to have been bred 
more than once before farrowing, which is consistent with the current results, as sow 
progeny were approximately 1 day younger at first breeding. It may be possible that 
gilt progeny that are underdeveloped reproductively are removed during the selection 
processes, as they are below the weight threshold at that period. Larger sow progeny 
may be selected into the breeding herd, but underlying reproductive issues may not 
be identified until the time of first breeding, where these higher rates of reproductive 
loss occur. The higher proportion of gilt progeny under this weight threshold would 
experience increased selection pressure, which may result in the better breeding 
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females reaching the first breeding and therefore increasing farrowing rate in these 
animals.  
The higher number of sow progeny being removed before their first breeding 
for structural reasons may be due to their higher growth rates, as heavier, faster 
growing gilts tend to have an increased incidence of lameness as the weight load on 
the hooves and legs increases.40,41 The fact that more sow progeny were removed for 
health reasons and had more medications per sow than gilt progeny is surprising, as 
other authors have found that gilt progeny have higher morbidity and mortality rates 
than sow progeny.5,7,26 However, much of this prior research focuses on disease rates 
earlier in life, and little evidence is available for differences in morbidity and 
mortality of gilt progeny compared to sow progeny in later life. This again may 
reflect smaller, unthrifty gilt progeny not being selected for breeding in this 
particular herd. 
Contrary to the current hypothesis, after gilt progeny were bred at least once, 
they were generally equivalent to sow progeny in terms of reproductive performance 
and longevity characteristics. Gilt progeny tended to farrow fewer live piglets at their 
first parity than sow progeny, which is in agreement with Vallet et al,19 who found 
that females born lighter had a shorter uterine length at puberty, which may represent 
lighter-born gilt progeny. However this difference was not seen at later parities, 
which may indicate that these females caught up in terms of reproductive capacity by 
these later ages. Unfortunately, observed estrus was not always recorded in this 
production system, and this may have a confounding influence on factors such as 
farrowing rate and litter size if, for example, more gilt progeny than sow progeny 
were bred on the second estrus. 
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Progeny born to gilts39 and low-growth-rate gilts17 have been known to have 
longer WEIs than their heavier or faster growing counterparts. The WEI after parity 
1 did not differ between gilt and sow progeny in the current study. This is in contrast 
to Tummaruk et al,17 who found that gilt progeny had a significantly longer WEI 
after parity 1 than progeny born to parity 4 and 5 sows. There were a few differences 
between the groups in terms of performance indicators at later parities (ie, WEI after 
parity 2); however, in the current study, these were not replicated at other parities 
and therefore seem to be anomalies. It would be interesting to see if these results 
could be replicated in other herds, as there are no apparent reasons for these 
seemingly random differences to occur.  
It was further hypothesized that gilt progeny would not persist in the herd to 
the same degree as sow progeny, as low birth weight,18 slower growth rates,17,23 and 
higher age at first breeding24,42 have all been associated with impaired sow longevity. 
However this was not the case in this dataset, with both groups exhibiting the same 
percentage of sows reaching parity 3. Future studies should focus on investigating 
the longevity of both gilt and sow progeny beyond parity 3, to explore whether these 
differences become more apparent later in life.  
It is possible that due to lower growth rates in gilt progeny, these females are 
under the weight limit at selection and are therefore culled before entry into the 
breeding herd. This would result in better quality gilt progeny being selected for the 
breeding herd, which may be a reason for the lack of differences in reproductive 
performance and longevity between gilt and sow progeny. Unfortunately, 
investigating the proportion of gilt progeny selected from the gilt pool available for 
selection was beyond the scope of this study, as records were not kept for gilts culled 
at selection. Further research into this area is recommended to confirm these 
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assumptions that gilt progeny are selected less frequently due to weight restrictions, 
among other restrictions at selection.  
As gilts born to primiparous sows are the result of increased genetic turnover, 
these progeny often have higher EBVs and may be selected preferentially into 
nucleus herds as a result (J. Harper, Rivalea Australia Pty Ltd, oral communication, 
2017). Gilt progeny selected into nucleus herds may therefore have more 
reproductive problems than sow progeny, which should be a target of research in the 
future. Longevity per se is not the priority in these herds, as sows are culled or 
moved out of the nucleus earlier in their reproductive lifetime for genetic turnover 
gains. It would be of interest, however, to quantify the effects of dam parity on 
effectiveness of their progeny as breeding sires to further evaluate the usefulness of 
gilt progeny as breeding animals, with one study suggesting that the amount of 
colostrum and milk consumed during the pre-weaning period can affect the 
reproductive performance of boars.43 
In conclusion, gilt progeny are more likely than sow progeny to exhibit 
anestrus before optimal time for first breeding, and are hence more likely to be 
culled from the breeding herd in that period. However, once bred, gilt progeny in this 
study performed just as well in the breeding herd as sow progeny. To the best of 
these authors’ knowledge, this is the first study to quantify the differences between 
gilt progeny and sow progeny selected for breeding in a commercial herd in 
Australia. As this is a new area of research, further investigation of the impact of gilt 
progeny in the breeding herd is warranted. It is recommended that further research 
should focus on improving growth and health of gilt progeny, especially in the vital 
pre-weaning period. Selection practices may need to be reviewed in light of this new 
information, and future research should focus on suggesting selection benchmarks 
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and improving management practices for gilt progeny in the breeding herd to 
improve their lifetime productivity. 
3.6 Implications 
• Under the conditions of this study, gilt progeny are born lighter and grow more 
slowly than sow progeny throughout their lifetime in the growing herd. 
• Under the conditions of this study, while gilt progeny selected into the breeding 
herd are less likely to reach first breeding than sow progeny due to anestrus, gilt 
progeny have a higher farrowing rate at first breeding, which may be a result of 
increased selection pressure. 
• After being bred for the first time, gilt progeny perform just as well 
reproductively as their sow progeny counterparts (born alive, number weaned, 
etc, at least up until parity 4), and their longevity in the herd does not differ (at 
least up until parity 3) under the conditions of the current study. 
• Further research is warranted to determine what proportion of gilt progeny 
eligible for selection is selected to enter the breeding herd, in order to make 
decisions on the necessity and (or) appropriate timing for selection of these 
females. 
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4.1 Abstract 
Gilt progeny (GP) are born and weaned lighter than sow progeny (SP) and 
have higher rates of mortality. This study aimed to quantify the performance and 
survival differences between GP and SP throughout the entire production cycle from 
birth to sale. Furthermore, the study looked at the effects of segregating GP and SP 
compared with commingling during rearing within common pens. It was 
hypothesized that GP would be lighter than SP at every age and have lower rates of 
survival accompanied by higher rates of medication, and that segregating GP and SP 
would improve the growth and survival of both groups. All progeny born to 109 gilts 
(parity 1) and 94 sows (parities 2 to 8) were allocated to 4 post-weaning treatments 
at birth: GP separately penned, GP mixed with SP in a common pen (GM), SP 
separately penned, and SP mixed with GP in a common pen (SM), with littermates 
split among treatments. The GM and SM pigs were penned together after weaning. 
Individual live weight of all progeny was recorded at birth (birth weight [BWT]), 
weaning (28 d; weaning weight [WWT]), 10 wk of age (10 wk weight [10WT]), and 
sale (22–23 wk; sale weight [SWT]). Individual HCW, backfat depth, loin depth, and 
dressing percentage were measured at slaughter. All post-weaning mortalities and 
medications were recorded. The GP had a lighter BWT (P = 0.032), WWT (P < 
0.001), 10WT (P < 0.001), and SWT (P < 0.001) than SP as well as a lower HCW (P 
< 0.001) and dressing percentage (P = 0.012). Post-weaning performance 
differences were mostly attributable to the lighter WWT of GP compared with that 
of SP when WWT was fitted as a covariate. The GP had a higher mortality in the 
immediate post-weaning period (weaning to 10 wk of age; P = 0.028) and from 
weaning to sale (P = 0.012) than SP, which was also attributable to lower WWT. 
The GP exhibited a higher incidence of mortality (P = 0.011) due to respiratory tract 
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infection in the grower–finisher period, despite similar medication rates (P = 0.83). 
Segregation of GP and SP between pens presented no benefit in terms of growth and 
survival of both groups while requiring added labour and production considerations 
and, therefore, is not recommended. This study confirms that GP are lighter than SP, 
on average, at every stage of life from birth to slaughter and that their performance 
before weaning is an important determinant for whole-of-life performance. 
4.2 Introduction 
Parity of the dam can be an important factor in determining the growth and 
survival of the resulting progeny. Progeny of primiparous sows (gilt progeny [GP]) 
are lighter at birth (Hendrix et al., 1978; Miller et al., 2012a) and weaning (Wilson 
and Johnson, 1980; Carney-Hinkle et al., 2013) than multiparous sow progeny (SP) 
and have lower growth rates from birth to market (Kemme et al., 1997; Gatford et 
al., 2009). Studies show that GP also have higher rates of mortality and require 
higher rates of medication (Holyoake, 2006; Miller et al., 2012a). The poorer 
performance of GP relative to SP is not well understood but believed to be due to a 
number of factors including low birth weight, poor colostrum and/or milk intake 
(Miller et al., 2012a,b), and insufficient transfer of maternal immunoglobulins (Le 
Dividich et al., 2005; Pineiro et al., 2008; Cabrera et al., 2012). Previous 
comparisons of separate and commingled progeny production systems in the United 
States have found a benefit of segregating GP and SP between farms in terms of 
more effective pathogen control, reducing costs of production by the use of targeted 
nutritional and veterinary treatment programs (Moore, 2001; Boyd et al., 2002; 
Donovan, 2004). The aims of this experiment were to quantify the differences in 
performance between GP and SP from birth until slaughter in an Australian 
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commercial production system and to evaluate segregated housing of these progeny 
after weaning as a management technique to improve the performance of both 
progeny groups. The general hypothesis examined was that GP would be born lighter 
and grow slower than SP throughout their lifetime and have higher rates of mortality 
and medication. and that keeping these progeny groups in separate pens would result 
in improved growth performance and survival of both GP and SP due to reduced 
pathogen exposure. 
4.3 Materials and Methods 
All experimental procedures performed were approved by both the Rivalea 
(Australia) Animal Care and Ethics Committee (protocol number 15P023) and the 
Murdoch University Animal Ethics Committee (protocol number N2778/15) in 
accordance with the Australian Code for the Care and Use of Animals for Scientific 
Purposes (National Health and Medical Research Council, 2013). 
4.3.1 Experimental Design 
The entire experiment was conducted under commercial conditions at the 
largest piggery site of Rivalea (Australia) Pty. Ltd. (Corowa, Australia). A 
diagrammatic representation of the experimental design and allocation of treatments 
is shown in Fig. 4.1. All piglets (Primegro Genetics, Corowa, NSW, Australia) born 
to 109 primiparous (gilts; parity 1) and 94 multiparous (parities 2 to 8) Large White 
× Landrace F1 sows (Primegro Genetics) that farrowed over a 10-d period in March 
2015 were included in the experiment. This comprised a total of 1,143 GP and 1,019 
SP spread over 5 farrowing houses on 3 separate farms (farms 1, 2, and 3) located 
within a single site at Corowa, NSW, Australia. Piglets were allocated to this project 
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based solely on their dam’s parity, farrowing date, and progeny genotype 
(commercial crossbreed).  
Piglets were individually identified by ear tag at birth before fostering and 
randomly assigned to 1 of 4 post-weaning treatments at tagging: GP to be reared 
together after weaning (GP separately penned [GG]), SP to be reared together (SP 
separately penned [SS]), GP mixed with SP in a common pen (GM), and SP mixed 
with GP in a common pen (SM). Two-thirds of pigs in each litter were allocated to 
the segregated treatments (GG and SS), and the other third were allocated to the 
mixed treatments (GM and SM). Individual live birth weight (BWT) was recorded, 
along with dam parity, litter size (LS), and farm and shed of birth. Minimal cross-
fostering of piglets was performed within progeny groups to standardize LS to 
between 8 and 12 piglets, such that GP were nursed only by gilts and SP were nursed 
only by sows for the entire pre-weaning period. Due to commercial considerations 
and the experimental design to balance treatment groups, some litters could not be 
included in the experiment in their entirety. Piglets were individually weighed at 
weaning (average 27.89 ± 0.05 d of age; weaning weight [WWT]), and ADG during 
this pre-weaning period was calculated. After weaning, pigs were transported to a 
single weaner facility at farm 1 and separately grouped into pens for GG and SS 
treatments, whereas GM and SM piglets were commingled into common “mixed” 
pens. For mixed pens (GP and SP mixed in a common pen [M]), the allocation of 
GM and SM treatments was targeted toward a ratio of 1:1 of each treatment group. 
All groups shared the same airspace, and pens were divided by steel bars allowing 
nose-to-nose contact between adjacent pens. Mixed pens were placed between 2 
segregated pens, where possible, to minimize direct contact between segregated 
pens. Pigs from each source farm were kept in separate pens as much as possible, 
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and the source farm or farms of each pen was recorded. These treatment groups were 
maintained throughout the grower–finisher period, although pen sizes were reduced 
(see Animal Management).  
Pigs were individually weighed at 10 wk of age (10-wk weight [10WT]) and 
sale (sale weight [SWT]), and ADG was calculated from 4 to 10 wk of age and from 
10 wk of age to sale. Average daily gain was additionally calculated from weaning to 
sale (4 wk to sale) and from birth to sale. Total pen weights were obtained, and an 
average pig weight was calculated from individual weights at 10 wk of age (average 
pig weight at 10 wk of age [P10WT]) and sale, with an extra pen weight at 17 wk of 
age recorded. Total feed consumed was recorded from 10 to 17 wk of age and from 
17 wk of age to sale on a pen-by-pen basis, with feed administered and measured 
using an electronic feed cart fitted with a weigh scale. From these pen data, ADG, 
ADFI, and G:F were calculated and were represented as averages per pig, with an 
adjustment for pigs that died during that period. Values were adjusted depending on 
the number of pigs that were consuming feed each day (“pig days”). The date and 
reason for any mortalities or removals were recorded throughout the experiment.  
At sale, pigs were given individual tattoos for carcass identification. Hot 
carcass weight was measured on a hanging scale at slaughter, and backfat (measured 
at the P2 site, 65 mm down the side at the level of the head of the last rib [FAT]) and 
carcass loin depth measured at the P2 site (LD; 6.5 cm from the midline over the last 
rib) were measured using a Hennessy Grading Probe (Hennessy Grading Systems 
Ltd., Auckland, New Zealand). Dressing percentage (HCW/SWT × 100) was 
calculated, and heavily trimmed carcasses were excluded from the analysis. 
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Figure 4.1 Graphical representation of the experimental procedures used, showing 
the organization of pigs into treatments and the points of data collection. 
Birth group treatments are gilt progeny (GP) and sow progeny (SP); rearing group treatments are GP 
separately penned (GG), SP separately penned (SS), and GP and SP mixed in a common pen (M) and 
subgroup treatments are GG, SS, GP mixed with SP in a common pen (GM), and SP mixed with GP 
in a common pen (SM).  
FAT = carcass fat level measured at the P2 site; LD = carcass loin depth measured at the P2 site; DP = 
dressing percentage: (HCW/sale weight) × 100. 
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4.3.2 Animal Management 
Gilts were housed separately from multiparous sows at farms 1 and 3 in static 
groups of 40 and 10, respectively, but housed together in common pens with parity 1 
and 2 sows at farm 2 in dynamic groups of 250 during gestation with approximately 
2 m2/sow space allowance. Sows were moved into the farrowing houses 
approximately 8 d before their expected farrow date and housed in individual 
farrowing pens. Each farrowing crate or pen was fitted with a drinker nipple for both 
sows and piglets and a creep area for piglets fitted with a heat lamp. Piglets were 
given an injection of 200 mg of Fe (Gleptosil; Champion Alstoe Animal Health, 
Whitby, ON, Canada) and 2 mL of mycoplasma vaccine (RespiSure One; Zoetis 
Australia Pty. Ltd., NSW, Australia) 2 d after birth, and their tails were docked. All 
sows were fed a common gestation (averaging 12.9 MJ DE/kg, 13.3% CP, and 0.5% 
available Lys, as-fed basis) and lactation (14.9 MJ DE/kg, 17.1% CP, and 0.9% 
available Lys) diet throughout the experiment. Piglets were provided ad libitum 
access to creep feed (15.3 MJ DE/kg, 21.5% CP, and 1.5% available Lys) and 
vaccinated against porcine circovirus type 2 (Ingelvac CircoFLEX; Boehringer 
Ingelheim Pty. Ltd., Sydney, NSW, Australia) approximately 1 wk before weaning.  
All 3 farms performed weaning on separate days, and pigs from farm 2 were 
weaned over 2 d. As such, pigs were separated into sexes and transported to the 
weaner facility at farm 1 over a 4-d period at weaning. Commercial weaning 
procedures resulted in litters being mixed and randomly represented between pens, 
with no more than 6 siblings represented in the same weaner pen. This facility 
consisted of 2 sheds containing different sized pens (small, approximately 35 
pigs/pen, and large, approximately 70 pigs/pen, with a space allowance of 0.22 
m2/pig regardless of pen size), each fitted with heat lamps and drinker nipples. 
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During this period, pigs were given ad libitum access to a standard commercial 
starter diet (averaging 14.1 MJ DE/kg, 17.0% CP, and 1.2% available Lys) for the 
first 10 d after weaning and standard commercial weaner 1 (14.9 MJ DE/kg, 21.6% 
CP, and 1.3% available Lys) and weaner 2 (14.5 MJ DE/kg, 21.8% CP, and 1.2% 
available Lys) diets thereafter. Piglets received an additional vaccination against 
mycoplasma (Respisure; Zoetis Australia Pty. Ltd.) at 8 wk of age. An autogenous 
vaccine against Actinobacillus pleuropneumoniae (APP) was administered at 8 wk 
of age and again at 10, 12, 15, and 18 wk of age. 
At approximately 10 wk of age, all pigs were moved into the grower–finisher 
facility at farm 1 on a single day. Pigs were moved into pens of 14 pigs/pen 
(approximately 0.66 m2/pig) fitted with drinker nipples, with females and males 
housed in separate sheds. Pigs that were penned together in the weaner facility were 
kept together as much as possible when reallocated to grower–finisher pens to avoid 
remixing, and no more than 5 siblings were represented in the same pen. Individual 
pig weights at this point (10WT) were taken over the next 3 d. During this period, 
pigs were given ad libitum access to standard commercial grower (averaging 13.9 
MJ DE/kg, 16.2% CP, and 1.0% available Lys) and finisher (averaging 13.5 MJ 
DE/kg, 13.9% CP, and 0.8% available Lys) diets. Males were immunologically 
castrated using a GnRH boar taint vaccine (Improvac; Zoetis Australia Pty. Ltd.) 
given at 13 and 20 wk of age. Individual pigs showing clinical signs of APP 
infection (shortness of breath, cyanosis, nasal bleeding, etc.) were treated with 
florfenicol (Selectan; Laboratorios HIPRA, S.A., Girona, Catalonia, Spain) and 
meloxicam (Metacam; Boehringer Ingelheim Pty. Ltd.) and left in their respective 
pens. All individual medical treatments were recorded. 
141 
 
Pigs were sent to an on-site abattoir for processing the day after SWT was 
determined. Females were sold at 22 wk of age and males at 23 wk of age, over 3 
separate days each week coinciding with the date on which they were weighed at the 
start of the grower–finisher period. Therefore, the growth period was identical within 
sex. 
4.3.3 Statistical Analysis 
The data were analysed using 3 model variations (Fig. 4.1): 1) the birth group 
model, where treatments were based on the parity of the birth dam, regardless of how 
progeny were reared after weaning (i.e., GP vs. SP); 2) the rearing group model, 
based on how the progeny were grouped in pens after weaning (i.e., contrasts among 
GG, SS, and M); and 3) the subgroup model, where the rearing group model 
treatment M was split into its 2 separate treatments (i.e., GG, SS, GM, and SM). For 
the subgroup model, the following contrasts were considered: 1) GG vs. GM and 2) 
SS vs. SM. Individual performance data were analysed using the MIXED procedure 
of SPSS (IBM SPSS version 21.0; IBM, Chicago, IL), with individual pig as the 
experimental unit.  
For all traits and models, both treatment and sex were included as fixed 
factors. Dam parity group (parity 1, parities 2 to 4, and parity >4) nested within birth 
group treatment was fitted as a class effect for each trait to test for the effect of the 
range of multiparous sow parities included in the experiment. The age of the animal 
at time of live weight measurement was fitted as a covariate for each trait as 
appropriate. Litter of birth (to account for the impact of both common genes and a 
common environment before weaning), farm of birth, farrowing shed of birth, 
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weaner pen, finisher pen, and source farm of each pen were tested as random factors 
in each model where appropriate.  
Birth weight was analysed with and without fitting LS as a covariate. To 
investigate the impact of earlier live weights on later growth performance, BWT was 
fitted as a covariate in the analysis of WWT and pre-weaning ADG to determine 
how much variation in pre-weaning growth was attributable to BWT. Similarly, 
WWT was fitted as a covariate for post-weaning performance traits.  
Average pen performance data in the grower–finisher period (using the 
rearing group treatment model) were analysed as a univariate ANOVA using the 
GLM procedure of SPSS, with pen as the experimental unit. Therefore, random 
effects associated with individuals could not be accommodated in the pen ANOVA. 
For traits within the grower–finisher facility, the number of days between entry to 
the grower–finisher facility and measurement of 10-wk weight (DAYS) was used as 
a covariate where appropriate, because pigs were weighed up to 3 d after they 
entered the facility. As above, models were compared with and without P10WT 
fitted as a covariate for later traits. Age at sale, nested within sex, was fitted as a 
covariate for traits recorded at sale or slaughter (SWT, HCW, FAT, etc.) to account 
for sexes being sold at different ages. Hot carcass weight was fitted as a covariate for 
FAT and LD.  
Post-weaning mortality and medication rates were analysed using a 
generalized linear mixed model binary logistic regression through the 
GENLINMIXED procedure of SPSS, with individual pig as the experimental unit. 
Due to the method for allocation of experimental litters to treatments in the 
farrowing house, whole litters were not necessarily represented in the experiment, 
meaning pre-weaning mortality data were censored and were not able to be analysed. 
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This was also due to the lack of quality control in recording of pre-weaning losses, 
which meant that pre-weaning mortality data of whole litters was incomplete and, 
therefore, unreliable. Differences in mortality between GP and SP during the 
suckling period were, therefore, beyond the scope of this study. During the weaner 
period (from weaning to 10 wk of age), 4.5% of animals were unable to be identified 
as having died or not, most likely due to recording error or loss of tag. These animals 
were, therefore, not included in the analysis of mortality during this period. For the 
binary logistic regression, WWT of each pig were assigned to quintiles (1 to 5) and 
this WWT category was fitted as a class effect. This was in order to account for any 
differences in post-weaning mortality that may have been due to differences in 
weaning weight of the gilt and sow progeny groups.  
 The number of individual pig observations for each trait and treatment included 
in the analysis after editing for outliers is presented in Table 4.1. A P-value < 0.05 
was considered significant and P-values between 0.05 and 0.10 were considered a 
tendency toward significance. Significant differences (P < 0.05) between individual 
treatment means were determined using a Bonferroni adjustment for multiple 
pairwise comparisons where appropriate. Estimates are herein reported as least 
squares means ± SE. 
4.4 Results 
 For all traits and all model variations, the random effects of farm and shed of 
birth, weaner and finisher pen, and source farm of each pen were not significant (P > 
0.10) and were, therefore, omitted from the models for the analyses. Dam parity 
nested within birth group treatment was not significant for any traits and was, 
therefore, also not included in any models. Litter of birth had a significant effect on 
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all traits in the mixed models analysis except for wean to sale ADG and birth to sale 
ADG and was, therefore, included in the relevant models. The effect of sex tended 
toward significance (P = 0.095) for BWT but was not significant for any other traits. 
Sex was left in the model for each trait but estimates are not reported herein. The 
treatment × sex interaction was not significant for any traits and was, therefore, 
omitted from the operational models. 
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Table 4.1 Number of pigs represented in each treatment group for each individual 
trait (after editing for outliers). 
 Model 
 Birth group1 Rearing group2 Sub-group3 
Trait GP SP GG SS M GM SM 
Pre-weaning (0 to 4 wk) 
BWT4 1,143 1,019 782 690 690 361 329 
ADG 834 763 580 512 505 254 251 
WWT 834 763 580 512 505 254 251 
Weaner period (4 to 10 wk) 
ADG 756 717 537 483 453 219 234 
10WT 797 737 566 500 468 231 237 
Grower-finisher (10 wk to sale) 
ADG 543 533 375 350 351 168 183 
SWT 546 533 375 350 354 171 183 
Lifetime (0 wk to sale) 
Wean to sale ADG 523 523 355 341 350 168 182 
Birth to sale ADG 546 533 375 350 354 171 183 
Carcass 
HCW 535 520 367 341 347 168 179 
P2 540 525 371 345 349 169 180 
LD 539 525 370 345 349 169 180 
DP 535 520 367 341 347 168 179 
1 BWT = birth weight; WWT = weaning weight (approximately 4 wk of age); 10WT = 10-wk weight; 
SWT = sale weight; FAT = carcass fat level measured at the P2 site; LD = carcass loin depth 
measured at the P2 site; DP = dressing percentage: (HCW/SWT) × 100. 
2 GP = gilt progeny; SP = sow progeny. 
3 GG = GP separately penned; SS = SP separately penned; M = GP and SP mixed in a common pen. 
4 GM = GP mixed with SP in a common pen; SM = SP mixed with GP in a common pen. 
 
4.4.1 Farrowing House 
At birth, GP were 60 g lighter (P = 0.032) than SP (Table 4.2) and 100 g 
lighter (1.41 ± 0.02 vs. 1.51 ± 0.02 kg; P = 0.001) after accounting for the effect of 
LS on BWT, based on contrasts from the birth group model. The subgroup model 
demonstrated that there were no significant differences in BWT between piglets 
allocated to the GG and GM (P = 0.27) treatment groups or the SS and SM treatment 
groups (P = 0.56). 
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Table 4.2 Least squares means (SE), and main treatment effects for the birth group 
model (gilt progeny [GP] and sow progeny [SP]) from the linear mixed models 
analysis. 
 Treatment  
Trait GP SP P-value 
Pre-weaning (0 to 4 wk)    
BWT1, kg 1.44 (0.02) 1.50 (0.02) 0.032 
ADG, g/d 189 (3) 221 (3) < 0.001 
WWT, kg 6.77 (0.10) 7.69 (0.10) < 0.001 
Weaner period (4 to 10 wk)    
ADG, g/d 457 (5) 499 (5) < 0.001 
10WT, kg 26.6 (0.3) 29.2 (0.3) < 0.001 
Grower-finisher (10 wk to sale)    
ADG, g/d 850 (6) 871 (6) 0.022 
SWT, kg 99.5 (0.8) 104.7 (0.8) < 0.001 
Lifetime (0 wk to sale)    
Wean to sale ADG, g/d 732 (4) 746 (4) 0.006 
Birth to sale ADG, g/d 638 (3) 652 (4) 0.003 
Carcass    
HCW, kg 75.4 (0.6) 80.0 (0.6) < 0.001 
P2, mm2 11.4 (0.1) 11.5 (0.1) 0.46 
LD, mm2 53.3 (0.2) 53.5 (0.2) 0.56 
DP, % 75.8 (0.1) 76.1 (0.1) 0.012 
 1 BWT = birth weight; WWT = weaning weight (approximately 4 wk of age); 10WT = 10 wk weight; 
SWT = sale weight; P2 = carcass fat level measured at the P2 site; LD = carcass loin depth measured 
at the P2 site; DP = dressing percentage, (HCW ÷ SWT) × 100. 
2 Carcass fat (P2) and LD corrected for HCW (nested within sex). 
 
During the suckling period, GP grew 32 g/d slower (P < 0.001) than SP and 
were 920 g lighter (P < 0.001) at weaning (Table 4.2). They remained 770 g lighter 
(P < 0.001) after accounting for the lighter BWT of GP, which made a significant (P 
< 0.001) contribution to the overall WWT model when fitted as a covariate (data not 
shown). Similarly, pre-weaning ADG was significantly (P < 0.001) affected by 
BWT, but the contrasts between GP (190 ± 3 g/d) and SP (219 ± 3 g/d) for ADG 
remained significantly different (P < 0.001) after adjustment for BWT. The 
subgroup analysis showed that piglets allocated to the SS treatment were lighter (P = 
0.002) at weaning than SM piglets by chance (Table 4.3). This was taken into 
account for all subsequent post-weaning traits by adjusting for WWT nested within 
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birth group treatment as a covariate. There was no difference (P = 0.34) in WWT 
between piglets allocated to GG and GM treatments (Table 4.3). 
 
Figure 4.2 Difference in live weight (in kg) between gilt progeny and sow progeny 
from weaning (4 wk of age) to sale (22.5 wk of age).  
Results are shown for the model with no correction and the model with a correction for weaning 
weight fitted as a covariate. 
 
4.4.2 Weaner Period 
Gilt progeny grew slower (P < 0.001) than SP from weaning until 10 wk of 
age (ADG; Table 4.2), even after adjusting for WWT (P < 0.001; Fig. 4.2). There 
was a tendency (P = 0.090) for M pens (both GP and SP) to grow faster (483 ± 4 
g/d) than GG pens (471 ± 5 g/d) and SS pens (478 ± 5 g/d) after adjusting for WWT 
differences. There were no differences (P > 0.10) in ADG in this period between 
separate and mixed progeny groups (Table 4.3).  
At 10 wk of age, GP were 2.6 kg lighter (P < 0.001) than their SP 
counterparts (birth group model; Table 4.2). This difference reduced to 800 g after 
accounting for WWT (P = 0.016; Fig. 4.2). Average weights from M pens were 
heaviest (28.2 ± 0.2 kg), GG pens were lightest (27.6 ± 0.2 kg), and SS pens were 
intermediate (27.8 ± 0.2 kg, after accounting for pre-treatment WWT differences; P 
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= 0.014). After accounting for pre-treatment WWT differences, GM progeny were 
significantly (P = 0.040) heavier at 10 wk of age than GG progeny but there was no 
difference (P > 0.10) between SM and SS progeny (Table 4.3).  
Gilt progeny exhibited higher (P = 0.028) rates of mortality in this period 
than SP (birth group model; 4.2 ± 0.1 vs. 2.2 ± 0.1%, respectively). However, this 
difference was halved after accounting for WWT5 in the model (2.6 ± 0.7 vs. 1.6 ± 
0.5%, respectively; P = 0.11). Main effects of treatment on mortality rates during the 
weaner phase were not significant (P > 0.10) for the rearing group or subgroup 
models (data not shown). 
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Table 4.3 Least squares means (SE) of continuous individual pig performance traits 
and between treatment pairwise comparisons for the subgroup model for the linear 
mixed models analysis. 
 Sub-group1,2 P-value3 
Trait GG SS GM SM GG vs. GM SS vs. SM 
Pre-weaning (0 to 4 wk) 
BWT4, kg 1.44 (0.02) 1.50 (0.02) 1.42 (0.02) 1.51 (0.03) 0.54 1.00 
ADG, g/d 190 (3) 216 (4) 185 (4) 229 (4) 0.26 < 0.001 
WWT, kg 6.81 (0.10) 7.57 (0.11) 6.66 (0.12) 7.94 (0.13) 0.34 0.002 
Weaner period (4 to 10 wk) 
ADG, g/d 459 (10) 491 (11) 469 (11) 498 (12) 0.13 0.44 
10WT, kg 27.2 (0.4) 28.3 (0.5) 27.7 (0.5) 28.8 (0.5) 0.040 0.12 
Grower-finisher (10 wk to sale) 
ADG, g/d 822 (15) 904 (17) 829 (16) 897 (18) 0.96 0.82 
SWT, kg 97.3 (1.6) 106.9 (1.7) 98.9 (1.6) 107.1 (1.8) 0.13 1.00 
Lifetime (0 wk to sale) 
Wean to sale ADG, g/d 733 (12) 753 (13) 720 (13) 748 (14) 0.22 0.92 
Birth to sale ADG, g/d 644 (11) 654 (12) 633 (11) 648 (12) 0.68 0.28 
Carcass 
HCW, kg 74.1 (1.2) 81.0 (1.4) 75.4 (1.3) 81.5 (1.5) 0.12 0.86 
P2, mm5  11.9 (0.3) 10.9 (0.4) 11.8 (0.3) 11.3 (0.4) 1.00 0.042 
LD, mm5 52.4 (0.8) 54.3 (0.8) 53.0 (0.8) 54.5 (0.9) 0.48 1.00 
DP, % 75.9 (0.3) 75.8 (0.3) 76.0 (0.3) 75.9 (0.3) 1.00 1.00 
1 BWT = birth weight; WWT = weaning weight (approximately 4 wk of age); 10WT = 10-wk weight; 
SWT = sale weight (approximately 22.5 wk of age); FAT = carcass fat depth measured at the P2 site; 
LD = carcass loin depth measured at the P2 site; DP = dressing percentage: (HCW/SWT) × 100.  
2 Subgroup model treatments: GG = gilt progeny (GP) separately penned; SS = sow progeny (SP) 
separately penned; GM = GP mixed with SP in a common pen; SM = SP mixed with GP in a common 
pen. 
3 Postweaning performance results obtained from the model correcting for WWT nested within birth 
group treatment to account for random differences in live weight at weaning before subgroup 
treatments were applied.  
4 Contrast P-values obtained after a Bonferroni adjustment for multiple comparisons.  
5 Carcass fat (FAT) and LD corrected for HCW (nested within sex). 
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4.4.3 Grower-Finisher Period 
Gilt progeny grew slower (P = 0.022) than SP between 10 wk of age and sale 
(ADG; Table 4.2) and were 5.2 kg lighter at sale (P < 0.001); however, differences 
were no longer significant when adjusting for WWT (Fig. 4.2). There were no 
differences (P > 0.10) among SS, GG, and M pens in the individual MIXED analysis 
(data not shown). There were no differences (P > 0.10) between separate and mixed 
progeny groups in terms of ADG in this period (subgroup model) or in terms of 
SWT (Table 4.3). 
There were no differences (P > 0.10) in overall mortality rates among any of 
the treatment groups in the grower–finisher period (data not shown). The herd 
experienced an outbreak of APP at approximately 15 wk of age. Gilt progeny 
exhibited a higher (P = 0.011) incidence of mortality due to APP infection in the 
grower–finisher period than SP (8.0 ± 0.0 vs. 6.9 ± 0.0%, respectively); however, 
rates of medication for treatment of APP symptoms were similar (P = 0.83) between 
GP (17.1 ± 1.9%) and SP (17.9 ± 2.0%). There was no effect of post-weaning 
subgroup treatment on mortality or APP medication rates (P = 1.00; data not 
shown). 
4.4.4 Pen Performance and Feed Efficiency 
Average weight at the start of this period (P10WT) was significantly affected 
by DAYS (Table 4.4). Due to differences in ADG before this period among progeny 
groups, GG pens were lightest, SS pens were heaviest, and M pens were intermediate 
at the commencement of this period, and therefore, P10WT was used as a covariate 
for all subsequent traits (Table 4.4). Pigs in GG pens grew slower (ADG), ate more 
151 
 
feed (ADFI), and were less feed efficient (G:F; all P < 0.05) than pigs in SS and M 
pens in all grower–finisher recording periods (Table 4.4) except 17 wk to sale, where 
they grew at the same rate as pigs in the SS and M pens (P > 0.05). However, these 
differences were no longer significant (P > 0.10) after adjusting for P10WT (Table 
4.4), except for a tendency (P = 0.068) for higher ADG from 10 to 17 wk in SS pens 
than in GG and M pens and a tendency (P = 0.057) for higher G:F from 10 wk to 
sale in GG pens than in SS and M pens. 
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Table 4.4 Least squares means (SE) and main penning treatment effect from the 
univariate ANOVA of average pig performance traits in the grower-finisher period, 
with pen as the experimental unit. 
  Treatment1  
Trait Model GG SS M P-value 
10 to 17 wk      
P10WT2, kg y = X3 + DAYS 26.2(0.3)a 29.2 (0.3)b 28.6 (0.3)b < 0.001 
ADG, g/d y = X 728 (6)a 760 (6)b 737 (7)a 0.001 
 y = X + P10WT 737 (7) 753 (7) 732 (7) 0.068 
ADFI, g/d y = X 1,639 (12)a 1,748 (13)b 1,717 (13)b < 0.001 
 y = X + P10WT 1,680 (13) 1,719 (12) 1,698 (12) 0.13 
G:F, kg:kg y = X 0.445 (0.003)a 0.436 (0.003)ab 0.430 (0.003)b 0.003 
 y = X + P10WT 0.440 (0.003) 0.439 (0.003) 0.432 (0.003) 0.17 
17 wk to sale      
P17WT, kg y = X 60.3 (0.5)a 64.8 (0.5)b 63.4 (0.5)c < 0.001 
 y = X + P10WT 62.7 (0.3) 63.1 (0.3) 62.3 (0.3) 0.16 
ADG, g/d y = X 998 (8) 1,032 (9) 1,014 (9) 0.059 
 y = X + P10WT* 1,006 (10) 1,026 (10) 1,010 (10) 0.50 
ADFI, g/d y = X 2,628 (19)a 2,753 (21)b 2,734 (22)b < 0.001 
 y = X + P10WT 2,663 (23) 2,728 (22) 2,717 (22) 0.15 
G:F, kg:kg y = X 0.380 (0.002)a 0.372 (0.002)ab 0.371 (0.003)b 0.021 
 y = X + P10WT* 0.377 (0.003) 0.374 (0.003) 0.372 (0.003) 0.46 
PSWT, kg y = X 99.4 (0.6)a 105.0 (0.6)b 103.1 (0.7)b < 0.001 
 y = X + P10WT 102.1 (0.5) 103.0 (0.5) 101.8 (0.5) 0.21 
10 wk to sale      
ADG, g/d y = X 845 (5)a 878 (5)b 859 (6)ab < 0.001 
 y = X + P10WT* 855 (6) 871 (6) 854 (6) 0.11 
ADFI, g/d y = X 2,069 (13)a 2,183 (14)b 2,164 (15)b < 0.001 
 y = X + P10WT 2,112 (14) 2,152 (14) 2,143 (14) 0.19 
G:F, kg:kg y = X 0.411 (0.002)a 0.403 (0.002)b 0.399 (0.002)b < 0.001 
 y = X + P10WT 0.409 (0.002) 0.405 (0.002) 0.401 (0.002) 0.057 
Carcass      
HCW, kg y = X 75.0 (0.5)a 79.6 (0.5)b 78.5 (0.5)b < 0.001 
 y = X + P10WT 77.1 (0.4) 78.2 (0.4) 77.5 (0.4) 0.22 
P2, mm4 y = X + HCW 11.2 (0.1) 11.4 (0.1) 11.6 (0.1) 0.15 
LD, mm4 y = X + HCW + DAYS 52.6 (0.4) 53.1 (0.4) 52.7 (0.4) 0.77 
DP, % y = X 75.5 (0.2)a 75.9 (0.2)ab 76.0 (0.2)b 0.11 
a–c Means within a row with different superscripts significantly differ (P < 0.05) after a Bonferroni 
adjustment.  
1 P10WT = average pig weight at 10 wk of age, fitted as a covariate in the model; P17WT = average 
pig weight at 17 wk of age; PSWT = average pig weight at sale (approximately 22.5 wk of age); FAT 
= carcass fat level measured at the P2 site; LD = carcass loin depth measured at the P2 site; DP = 
dressing percentage: (HCW/sale weight) × 100.  
2 DAYS = number of days between entry to the grower–finisher facility and measurement of 10-wk 
weight. 
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3 An X in the model equation denotes the basic fixed factors model (treatment + sex), which is 
consistent for all traits.  
4 Treatment groups: GG = gilt progeny separately penned (n = 40); SS = sow progeny separately 
penned (n = 35); M = gilt progeny and sow progeny mixed in a common pen (n = 32).  
5 Carcass fat (FAT) and LD corrected for HCW (nested within sex).  
* Effect of P10WT in the overall model not significant (P > 0.10). 
 
4.4.5 Lifetime Performance and Carcass Characteristics 
Consistent with growth results from each period, GP grew slower (P = 
0.003) than SP from birth to sale (Table 4.2), but there were no differences (P > 
0.10) in lifetime performance characteristics between separate and mixed groups 
(GG vs. GM and SS vs. SM; subgroup model; Table 4.3). Gilt progeny had higher (P 
= 0.012) rates of mortality in the period from weaning to sale than SP (15.4 ± 0.0 vs. 
12.0 ± 0.0%, respectively); however, this was explained, in part, by WWT category 
(15.2 ± 1.2 vs. 12.3 ± 1.1%, respectively; P = 0.093) when it was fitted as a 
covariate. There were no mortality or medication rate differences (P > 0.10) between 
the separate and mixed progeny groups in any of the time periods discussed above 
(data not shown). 
Gilt progeny carcasses were 4.6 kg lighter (P < 0.001) than SP carcasses, 
with a similar thickness of fat (FAT; P = 0.46) and muscle (LD; P = 0.56) when 
adjusted for HCW (Table 4.2). Furthermore, GP had a lower (P = 0.012) dressing 
percentage than SP (Table 4.2). There was no difference in HCW between M and SS 
pens, but GG pens were lighter (P < 0.001) in the rearing group model; however, 
this difference was no longer significant (P = 0.22) when adjusting for P10WT 
(Table 4.4). There were no other carcass differences (FAT, LD, and dressing 
percentage; P > 0.10) between rearing group treatments in the pen ANOVA (Table 
4.4). Sow progeny were fatter (P = 0.042) in the SS group than in the SM group 
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(FAT; Table 4.3). There was no difference (P > 0.10) between treatments in the 
subgroup model in terms of HCW, LD (adjusted for HCW), or dressing percentage 
(Table 4.3). 
4.5 Discussion 
It is important to quantify the performance of progeny from gilt litters 
compared with that of progeny from sow litters to target management interventions 
to improve growth performance and survival rates of these animals in the herd. The 
current results show that GP are born lighter than SP. This is in general agreement 
with prior studies (Hendrix et al., 1978; Geale et al., 2009; Miller et al., 2012a; 
Carney-Hinkle et al., 2013); however, these other studies have reported a higher 
discrepancy in BWT (10–15% lower). Similarly, the finding that GP were 12% 
lighter than SP at weaning is comparable to those in previous reports using data from 
different populations (Campbell et al., 1990; Spencer et al., 2003; Geale et al., 2009; 
Miller et al., 2012a; Carney-Hinkle et al., 2013).  
Lower BWT in GP is likely a result of relative immaturity of the gilt at 
mating resulting in smaller maternal size, which decreases uterine mass (Nielsen et 
al., 1995) and placental size and thus reduces delivery of nutrients to the conceptus 
(Gluckman and Hanson, 2004). Gilts are mated at a relatively young age to reduce 
non-productive days, which results in gestation and lactation at a time where the gilt 
is still partitioning energy between her own growth and the growth of her litter 
(Sinclair et al., 1996; Bunter et al., 2010). Recently, there is evidence to suggest that 
gilts are under more oxidative stress than multiparous sows during gestation (Roy et 
al., 2016), which has been linked to interrupted embryonic development, intrauterine 
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growth restriction, and lower piglet BWT (Agarwal et al., 2006; Lykkesfeldt and 
Svendsen, 2007).  
Lighter WWT in GP is a consequence of both lighter BWT and slower pre-
weaning growth rates, and is thought to be mostly a result of decreased colostrum 
and/or milk production in gilts (Beyer et al., 2007; Devillers et al., 2007; Ngo et al., 
2012). This is further evidenced by the increased growth of GP when fostered onto 
multiparous sows at a young age compared with those suckled by gilts (Pineiro et al., 
2008; Geale et al., 2009; Smits and Collins, 2009). Gilts have smaller udders than 
multiparous sows (Balzani et al., 2016), and any extra energy fed through the 
lactation diet mostly contributes to growth of the gilt herself rather than increased 
milk production (Clowes et al., 1998; Pluske et al., 1998; Zak et al., 1998). 
Furthermore, digestion of nutrients in primiparous sows is not as efficient (Renteria-
Flores et al., 2008; Jacyno et al., 2016), which may be as a result of lower intestinal 
volume (Le Goff and Noblet, 2001; Landgraf et al., 2006) and/or poorer diversity of 
gastrointestinal tract (GIT) microbial populations (Shi and Noblet, 1993a,b), which 
are characteristics of lighter BW sows and may, therefore, be of consequence to 
primiparous sows. These factors may all contribute to suboptimal milk production in 
gilts and, therefore, undernourishment of GP before weaning.  
The fact that pre-weaning mortality rates between GP and SP were not able 
to be compared in the current study is unfortunate, because previous published 
reports are contradictory, with some indicating that GP show lower rates of survival 
before weaning (Mabry et al., 1983; Holyoake, 2006), others that SP have lower 
survival rates (Averette et al., 1999; Baxter et al., 2008; Miller et al., 2012a), and 
others finding no difference (Milligan et al., 2002; Spencer et al., 2003; Gourdine et 
al., 2004; Carney-Hinkle et al., 2013). However, the statistical power of various 
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studies to detect differences in mortality is sometimes questionable. Furthermore, 
results were often adjusted for the significant effect of BWT (Milligan et al., 2002; 
Miller et al., 2012a), which may have altered the outcome and further illustrates the 
importance of BWT on determining pre-weaning survival.  
Gilt progeny were lighter than SP at every post-weaning growth stage up 
until sale in the current study, with lighter HCW but no differences in body 
composition as indicated by carcass muscling and fat levels (at a constant HCW). 
This was in agreement with Edwards et al. (2013), who found that GP were 4.2 kg 
lighter than SP at 10 wk of age, and Pineiro et al. (2008), who found that GP were 
significantly lighter than SP at slaughter. Few studies, though, have examined 
differences in growth performance and carcass quality of GP and SP through to 
slaughter. Data from the current study shows that GP have a lower dressing 
percentage than SP at sale, which may be as a result of undernourishment of GP 
causing preferential growth of the GIT and associated organs rather than skeletal 
muscle (Ebner et al., 1994; Pluske et al., 2003; Cottrell et al., 2017), but nevertheless 
should be investigated further.  
The finding that GP had decreased survival in the nursery period concurs 
with other authors (Holyoake, 2006; Miller et al., 2012b; Edwards et al., 2013). 
Differences in survival rates between GP and SP did not persist to later periods of 
growth (from 10 wk of age until sale); however, mortality rates in these periods were 
relatively low and the statistical power to detect differences between treatments is 
reduced. Few studies have investigated differences in mortality in later growth 
periods between GP and SP; however, Miller et al. (2012a) found no difference in 
mortality to sale between GP and SP, in agreement with the current study. This may 
be due to the decreased importance of maternal immunity in these later stages of life. 
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Despite this, more GP died of APP infection in this later period despite a similar 
incidence of infection, as indicated by individual medication rates. The observation 
that GP showed rates of medication similar to those of SP is contrary to previous 
reports (Holyoake, 2006; Miller et al., 2012b) showing higher rates of medical 
treatments in GP. This may be the due to the period in which medications were 
recorded; that is, the current study reported medication rates throughout the whole 
period from weaning to sale as opposed to shorter periods studied in previous 
reports. In agreement with the APP-associated mortality in the current study, 
Edwards et al. (2013) reported that GP showed higher rates of respiratory-related 
mortality than SP, albeit in the nursery period instead of the grower–finisher period. 
The present results suggest that APP infection rates of GP may be similar to those of 
SP, but their reduced immune status may cause them be more severely affected and 
succumb to infection at a younger age.  
Grouping gilts and sows together in gestation may improve the immune 
competence of gilts due to earlier exposure to pathogens present in the multiparous 
sow herd. Previous studies (Holyoake, 2006; Miller et al., 2012b; Edwards et al., 
2013) do not report whether gilts and sows were commingled on the experimental 
farms. However, if separation occurred, which is a common practice in gestation 
group housing systems to facilitate gilt management (Li et al., 2012; Gonyou et al., 
2013), this may increase susceptibility of naïve GP to pathogens due to the reduced 
immune competence of their dams (Klobasa et al., 1985). This, in turn, is likely to 
cause decreased transfer of maternal immunity to their offspring. In the current 
study, commingling of gilts with higher parity sows at one of the farms may have 
resulted in an increase in the immune competence of GP, resulting in reduced 
mortality rates, which may be a reason why fewer differences were detected between 
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GP and SP than expected. However, this cannot be confirmed from these data. 
Although farm was included as a factor within the analysis and was found to have no 
effect on any traits, this factor was not completely balanced and may yet have had an 
effect that could not be detected given the study design. Additionally, a high herd 
health status on the experimental site as a result of an extensive vaccination program 
for both primiparous and multiparous sows and their progeny may have masked 
some of the expected immunological differences between GP and SP, as a result of 
relatively low mortality rates in the herd overall.  
Reduced post-weaning growth rates, live weights, carcass weights, and 
nursery survival rates of GP were highly attributable to these progeny being born and 
weaned lighter than their SP counterparts. The lighter the piglet at birth, the lighter it 
is likely to be at weaning (Winters et al., 1947; Rehfeldt et al., 2008; Beaulieu et al., 
2010) and beyond (Quiniou et al., 2002), with light-for-age pigs having less lean 
mass at sale age, resulting in an increased number of days to market compared with 
piglets weaned (and born) at heavier weights (Mahan and Lepine, 1991; Dunshea et 
al., 2003; Rehfeldt et al., 2008). These differences may be as a result of an 
underdeveloped GIT at weaning in these light-for-age pigs (Pluske et al., 2003; 
Wiyaporn et al., 2013). Light-for-age pigs had carcass quality (Beaulieu et al., 2010) 
and backfat levels (Dunshea et al., 2003) similar to pigs born and weaned in higher 
weight ranges, which is consistent with the findings from the present study. Lower 
survival rates in the nursery period in GP compared with SP may be due to low birth 
(and weaning) weights, poorer consumption of colostrum (Ferrari et al., 2014) 
containing lower levels of maternal immunoglobulins (Inoue et al., 1980; Klobasa 
and Butler, 1987), and lower circulating IgG concentrations in the piglet (Cabrera et 
al., 2012), which are all factors that have been shown to highly correlate with both 
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pre- and post-weaning mortality (Gardner et al., 1989; Le Dividich et al., 2005; Fix 
et al., 2010; Devillers et al., 2011; Quesnel et al., 2012). These findings highlight the 
importance of the pre-weaning period for giving GP a good start to ensure survival 
and greater growth performance in later stages of life, up until slaughter.  
To the best of the authors’ knowledge, the current study is the first large-
scale experiment designed to specifically compare whole-of-life growth performance 
of GP and SP housed both separately and commingled. Generally, GP and SP 
performed similarly in mixed groups as they did in separated groups in the current 
study. In fact, contrary to the current hypothesis, GP in mixed pens were 
approximately 500 g heavier at 10 wk of age than those kept separate from SP and 
1.6 kg heavier at sale. More variation in live weight at sale may explain why the 
latter finding was not found to be significant. A possible explanation for this may be 
that GP in mixed pens were exposed to less pathogens due to being commingled 
with healthier, more robust SP. The finding that SP carcasses were fatter when they 
were mixed with GP may suggest that these SP are able to compete more efficiently 
with their lighter GP pen-mates for feed. This is supported by the higher feed intake 
levels in M pens in the grower–finisher period. These findings are in contrast to 
those from other studies, which may be due to the segregation being between pens 
on the same farm in close proximity to each other rather than separate farms, as was 
the case in the data from the United States (Moore, 2001; Boyd et al., 2002; 
Donovan, 2004). Increased contact between separate and mixed progeny in the 
current study may have negated this benefit. On the other hand, splitting littermates 
between separate and mixed treatments would be expected to improve the accuracy 
of the contrast between these treatments. In light of the current results, separation of 
GP and SP between pens presents no added benefit, and mixing progeny groups after 
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weaning in favour of separation avoids additional labour and production 
considerations; however, further research into this concept is needed.  
Collectively, these results indicate that the lifetime growth performance of 
GP is hindered, largely as a result of being born and weaned lighter than progeny 
born to multiparous sows. Poorer growth and survival in these progeny leads to 
fewer and lighter pigs reaching market and taking longer to achieve optimal market 
weight, increasing feed costs and ultimately reducing revenue. Furthermore, we 
observed that these differences in growth and health performance were not improved 
by segregation of GP and SP after weaning. Future studies should focus on 
increasing GP BWT and WWT through interventions to improve their growth in this 
vital pre-weaning period. 
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5.1 Abstract 
Gilt progeny (GP) are born and weaned lighter than sow progeny (SP) and 
tend to have higher rates of mortality and morbidity. This study quantified the 
lifetime growth performance differences between GP and SP, and additionally 
evaluated whether segregating GP and SP in the grower-finisher period compared to 
mixing them within common pens reduced this variation. It was hypothesised that 
GP would be lighter than SP at every stage and segregation would improve growth 
performance of both GP and SP. All piglets born to 61 gilts (parity 1) and 47 sows 
(parities 2 to 7; mean 3.5 ± 0.2) were allocated to four treatments at 10 weeks of age: 
(i) GP housed together (GG); (ii) GP mixed (M) with SP (GM); (iii) SP housed 
together (SS); and (iv) SP mixed with GP (SM). The GM and SM pigs were housed 
together in common pens after movement into the grower-finisher facility. Individual 
liveweight of all progeny was recorded at birth, weaning (WWT), 10 weeks of age 
(10WT) and sale (SWT). Individual hot carcass weight (HCW), fat depth at the head 
of the last rib (P2) and dressing percentage were measured at slaughter. Gilt progeny 
were lighter at birth (P = 0.038), weaning (P < 0.001) and through to sale (P = 
0.001) than SP. Nursery and grower-finisher performance differences in GP were 
highly attributable to their lower WWT compared to SP (P < 0.001 when fitted as a 
covariate). Segregation of GP and SP increased grower-finisher average daily gain 
(ADG) in SP but decreased ADG and SWT in GP (P < 0.10). Segregated SP had 
increased average daily feed intake but only in males (P = 0.007); HCW (P < 0.001) 
and P2 fat depth (P = 0.055) were higher in mixed female GP, but there was no 
difference (P > 0.10) in female SP, or in males. In conclusion, GP were lighter at 
every stage than SP and differences after weaning were highly related to the lighter 
WWT of GP. Under the conditions of this study, overall segregation of GP and SP 
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showed no consistent advantages in growth performance for both groups and 
differed significantly between males and females. 
5.2 Implications 
The current study provides further evidence that gilt progeny have inferior 
lifetime growth performance compared to sow progeny. It reaffirms that this loss is 
highly attributable to low birth weights and growth in the pre-weaning period. Under 
the commercial conditions of the study, it is not recommended that gilt and sow 
progeny are separated to improve production, as it appears that while segregation of 
gilt and sow progeny in the grower–finisher period may be advantageous for sow 
progeny; it seems to disadvantage gilt progeny and has mixed effects depending on 
sex of the animal. 
5.3 Introduction 
Progeny born to gilts (gilt progeny; GP) are lighter and grow more slowly 
than their sow progeny (SP) counterparts, usually resulting in an increase in days to 
market and a reduction in overall herd productivity (Carney-Hinkle et al., 2013; 
Craig et al., 2017). Gilt progeny may have compromised growth and immunity from 
early in life due to the relative immaturity of their dam during her first gestation 
(Miller et al., 2012; Carney-Hinkle et al., 2013), reducing their capacity to fight 
infection and increasing their chances of early mortality (Rooke and Bland, 2002). 
Segregated GP and SP production systems are sometimes considered because of the 
purported benefits of managing pigs of different immune status separately (Moore, 
2001). In a previous study (Craig et al., 2017), the growth performance of GP and SP 
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was compared in the grower-finisher period when they were either mixed or 
segregated from each other from weaning within the same farm. The current 
experiment was designed to determine the difference in performance between GP 
and SP from birth until slaughter in pigs under a set of different commercial 
conditions (i.e. management, genetics, climate, health status, etc.) in Queensland, 
Australia. While segregation did not improve growth performance of either GP or SP 
in our previous study (Craig et al., 2017), GP suffered more respiratory disease-
related mortality than SP during the grower-finisher period. Therefore in the current 
study we aimed to evaluate the effect of segregation in the grower-finisher period of 
previously-mixed GP and SP as a management tool to improve growth performance, 
under the assumptions that: (1) previous exposure to pathogens when initially mixed 
would improve their immunity to these same pathogens later in life; and (2) later 
segregation would allow for improved management of at-risk GP during the grower-
finisher stage of production. The general hypotheses examined were that GP would 
be born lighter and grow slower than SP throughout their lifetime, and that keeping 
these progeny groups in separate pens during the grower-finisher phase would cause 
improved growth performance of both GP and SP. 
5.4 Materials and Methods 
All experimental procedures carried out were approved by the CHM Alliance 
Animal Ethics Committee (application no. CHM PP 73/15) and the Murdoch 
University Ethics Committee (protocol no. N2778/15) in accordance with the 
Australian Code for the Care and Use of Animals for Scientific Purposes (National 
Health and Medical Research Council, 2013). 
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5.4.1 Experimental Design 
The experiment was conducted under commercial conditions at a 9 000 sow 
piggery site in Queensland (SunPork Farms; Dalby, Queensland, Australia). All 
piglets (CamboroughTM 29 x PIGBOAR 500, PIC Australia Pty. Ltd., Grong Grong, 
New South Wales, Australia) born to 61 primiparous (gilts; parity 1) and 47 
multiparous (parities 2 to 7) sows were included in the current experiment, including 
a total of 584 GP and 567 SP (603 males and 548 females). All piglets were born 
over a 10-day period in November 2016, with each individual’s birth weight (BWT) 
recorded within 24 hours of birth and each piglet identified with a numbered ear tag, 
prior to fostering. Dam parity, litter size of the litter of origin and farrowing room of 
birth were recorded for each piglet. Minimal fostering took place to standardise litter 
sizes according to the number of functional teats as per commercial procedures, after 
allowing piglets sufficient time to receive colostrum from their dam. Fostering was 
conducted such that GP were nursed by gilts and SP were nursed by sows for the 
entire pre-weaning period. Piglets were individually weighed at weaning (WWT) at 
23.7 ± 0.1 days of age (mean ± SEM), and average daily gain (ADG) during this pre-
weaning period was calculated.  
Pigs were then housed in the farm’s weaner facility until 10 weeks of age 
(72.7 ± 0.1 days of age) when they were transported to the site’s grower-finisher 
facility and weighed individually (10WT). Pigs were then randomly split into pens 
of either: all GP (GG), all SP (SS), or a mix (M) of both where the allocation of GP 
(GM) and SP (SM) to these pens was targeted toward a ratio of 1:1 (33 to 39 pigs 
per pen). Pigs were then individually weighed (sale weight, SWT) approximately 6 
days prior to slaughter (146.7 ± 0.1 days of age). The ADG was calculated for the 
weaner (approximately 3-10 weeks of age) and grower-finisher (10 weeks to sale) 
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phases for each individual pig, as well as from weaning to sale (3 weeks to sale) and 
from birth to sale. Within the grower-finisher phase, total feed consumed within each 
pen was recorded. Feed was offered on an ad libitum basis via a penguin-type self-
feeder, and feed delivered was recorded via a FeedProTM intelligent feed delivery 
unit (Feedlogic Corp.; Willmar MN, USA). From these data, average daily feed 
intake (ADFI) and gain to feed ratio (G:F) were calculated for each pen and 
represented as averages per pig, with an adjustment for pigs that died during that 
period. Values were adjusted depending on the number of pigs that were consuming 
feed each day (“pig days”). Unfortunately the weight of pigs that died was not 
recorded at time of death and could not be taken into account for calculating G:F. 
At sale, each pig was given an individual tattoo for carcass identification, and 
transported to a commercial abattoir (Swickers Kingaroy Bacon Factory Pty. Ltd., 
Kingaroy, Queensland, Australia) where they were slaughtered over a period of 2 
days (152.2 ± 0.1 days of age). Hot carcass weight (HCW) was measured on a 
hanging scale, and fat depth at the P2 site (6.5 cm from the midline over the last rib; 
FAT) was measured using a PorkScan Ultrasound Probe (Sonoscape Medical Corp.; 
Shenzhen, China). 
5.4.2 Animal Management 
Gilts and sows were housed separately throughout gestation in groups of 54-
56 pigs per pen (1.44 m2 per gilt and 1.73 m2 per sow). Gilts and sows entered the 
farrowing house at approximately 113 days of gestation and were housed in 
individual farrowing crates (2.0 m x 1.6 m) located in seven farrowing rooms, with 
both gilts and sows housed together within rooms where possible with the exception 
of two of the rooms that contained gilts only. Each crate was fitted with a heating 
178 
 
lamp over the creep area, one drinker for the sow, and one drinker for the piglets. 
Piglets were given an injection of 1 mL of combined Fe plus cyanocobalamin 
(FeronTM 200 + B12; Bayer Australia Ltd., New South Wales, Australia) and 
procaine penicillin (Ilium PropercillinTM; Troy Laboratories Australia Pty. Ltd., New 
South Wales, Australia), and 1 mL of toltrazuril (Baycox®, Bayer Australia Ltd., 
New South Wales, Australia), all at 3 days after birth, and their tails were docked. 
All sows were fed common gestation (12.8 MJ digestible energy [DE]/kg; 13.0% 
CP; 0.4% standardised ileal digestible [SID] lysine; as-fed basis) and lactation (14.2 
MJ DE/kg; 17.5% CP; 0.6% SID lysine) diets throughout the experiment. Piglets 
were provided ad libitum access to creep feed (14.8 MJ DE/kg; 21.0% CP; 0.9% SID 
lysine) approximately 7 days before weaning. All diets were manufactured by 
Woods Stockfeeds (Goondiwindi, Queensland, Australia). Piglets were vaccinated 
against porcine circovirus type 2 (Ingelvac CircoFLEX®; Boehringer Ingelheim Pty. 
Ltd., New South Wales, Australia) at weaning. Weaning was carried out over 3 days 
within 1 week, according to age of the piglets. 
After weaning, GP and SP were mixed in one room within pens of maximum 
capacity of 230 pigs/pen (approximately 0.20 m2 per pig) between sexes as per 
commercial practices, with the room (six pens) fitted with two heaters and each pen 
fitted with 16 drinker nipples and five penguin-type feeders. As such, the ratio of GP 
to SP in each pen or whether littermates were housed together were unknown. 
During this period pigs were given ad libitum access to a standard commercial 
weaner diet (averaging 14.4 MJ DE/kg; 21.6% CP; 0.8% SID lysine) for the entire 
weaner period. At approximately 10 weeks of age, pigs were moved into the grower-
finisher facility on a single day. Due to the maximum capacity of the facility (800 
pigs), not all experimental animals were able to be followed into the grower-finisher 
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period. The randomly selected subset of pigs were sorted into pens of 33-39 pigs per 
pen (approximately 0.87 m2/pig) fitted with four drinker nipples, with females and 
males housed separately. During this period pigs were given ad libitum access to 
standard commercial grower (averaging 14.0 MJ DE/kg; 17.7% CP; 0.6% SID 
lysine) and finisher (averaging 13.3 MJ DE/kg; 14.1% CP; 0.6% SID lysine) diets. 
Males were immunologically castrated using an anti-GnRH vaccine (Improvac®; 
Zoetis, New South Wales, Australia) given at 15 and 19 weeks of age.  
Unfortunately, all individual foster movements were not recorded in the 
farrowing house and mortality records were incomplete with a number of piglets 
recorded missing at weaning. Likewise, mortality was unable to be individually 
recorded in the weaner facility and therefore pre-weaning and weaner mortality data 
could not be presented for the current study. In the grower-finisher facility there was 
a total of seven mortalities for the duration of the study and therefore the sample size 
lacked statistical power to detect any treatment effects. 
5.4.3 Statistical Analysis 
The data were analysed using three model variations as described by Craig et 
al. (2017; Figure 5.1): (i) the birth group model (GP vs. SP); (ii) the rearing group 
model (contrasts among GG, SS, and M); and (iii) the subgroup model (GG, SS, 
GM, and SM). For the subgroup model the following contrasts were considered: (i) 
GG vs. GM; and (ii) SS vs. SM. Individual performance data were analysed using 
the MIXED procedure of SPSS (IBM SPSS® version 24.0; IBM, Armonk NY, 
USA), with individual pig as the experimental unit. For all traits and models, both 
treatment and sex were included as fixed factors. Main effects of sex reported herein 
were obtained from the birth group model. The treatment x sex interaction term was 
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included where it made a contribution to the model (P < 0.10), and pairwise 
comparisons between interaction means were performed using simple effects 
(partitioned) analysis in SPSS syntax. All nuisance variables were tested in each 
model using the backward elimination procedure and were removed if they did not 
make a significant (P < 0.05) contribution to the model. Dam parity group (parity 1, 
parities 2 to 4, and parity >4) nested within birth group treatment was fitted as a class 
effect for each trait to test for the effect of the range of multiparous sow parities 
included in the experiment. The age of the animal at time of liveweight measurement 
was fitted as a covariate for each trait, and litter of birth (to account for the impact of 
both common genes and a common environment before weaning) and farrowing 
room of birth were tested as random factors in each model where appropriate. Pen 
location was not recorded for individual pigs in the weaner period and could 
therefore not be included in any models. Birth weight was analysed fitting litter size 
as a covariate, and without. To investigate the effect of earlier weights in the 
farrowing house on later growth performance, BWT was fitted as a covariate in the 
analysis of WWT and pre-weaning ADG. In the same way, WWT was fitted as a 
covariate for post-weaning traits. Therefore, two successive analyses were 
performed; one with prior weight as a covariate and one without. 
Grower-finisher and carcass data were analysed as a univariate ANOVA 
using the rearing group treatment model in the GLM procedure of SPSS, with the 
experimental unit as the pen, without blocking (n = 3 for female SS, GG and M, and 
male M pens; n = 4 for male SS and GG pens). To analyse backfat levels at a 
standard carcass weight, two successive analyses were performed; one with HCW 
was fitted as a covariate for FAT and one without. Dressing percentage (DP) was 
calculated from HCW recorded at sale and SWT recorded 6 days earlier ([HCW ÷ 
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SWT] × 100). Table 5.1 shows the number of individual pig observations for each 
trait and treatment after editing for outliers in each analysis. Outliers were 
considered if they were greater than two standard deviations from the mean and only 
a small number were removed from the analysis, as they were most likely data entry 
errors and deemed to not make biological sense. Differences between individual 
treatment means were determined using a Bonferroni adjustment for multiple 
pairwise comparisons where appropriate. Estimates are reported herein as least 
squares means ± SEM. Due to the unbalanced design, individual SEM is reported for 
each treatment group mean for the individual pig experimental unit analyses. 
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Figure 5.1 Graphical representation of the experimental procedures used, showing 
the organisation of pigs into treatments and the points of data collection. 
Birth group treatments are gilt progeny (GP) and sow progeny (SP); rearing group treatments are GP 
penned together (GG), SP penned together (SS), and GP and SP mixed in a common pen (M) and 
subgroup treatments are GG, SS, GP mixed with SP in a common pen (GM), and SP mixed with GP 
in a common pen (SM). FAT = carcass fat level measured at the P2 site; HCW = hot carcass weight; 
DP = dressing percentage: HCW/sale weight) x 100. 
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Table 5.1 Number of pigs (n) represented in each treatment group for each 
individual trait (after editing for outliers). 
 Model 
 Birth2 Subgroup3 
 
Sub-grgroup3 
Trait1 GP SP GG SS GM SM 
Pre-weaning (0 to 3 weeks) 
BWT 584 565 - - - - 
ADG 501 478 - - - - 
WWT 501 478 - - - - 
Weaner period (3 to 10 weeks) 
ADG 371 361 - - - - 
10WT 371 361 260 250 111 111 
ADG 368 359 258 251 110 108 
SWT 368 359 258 251 110 108 
Lifetime (0 weeks to sale) 
Wean to sale ADG 368 359 258 251 110 108 
Birth to sale ADG 368 359 258 251 110 108 
Carcass       
HCW 367 358 258 251 109 107 
FAT 367 358 258 251 109 107 
DP4 367 358 258 251 109 107 
1 BWT = birth weight; ADG = average daily gain, WWT = weaning weight (3 weeks; 23.7 ± 0.1 days 
of age); 10WT = 10 week weight (72.7 ± 0.1 days of age); SWT = sale weight (146.7 ± 0.1 days of 
age); HCW = hot carcass weight (slaughter age = 152.2 ± 0.1 days of age); FAT = carcass fat depth 
measured at the P2 site; DP = dressing percentage: (HCW/SWT) x 100. 
2 GP = gilt progeny; SP = sow progeny. 
3 GG = GP separately penned; SS = SP separately penned; GM = GP mixed with SP in a common 
pen; SM = SP mixed with GP in a common pen. 
4 Represents a modified DP calculated based on HCW measured on day of slaughter and SWT 
measured approximately 6 days prior to slaughter. 
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5.5 Results 
Farrowing room and dam parity group nested within birth group treatment 
did not have a significant effect on any trait and were therefore omitted from all 
models. Conversely, litter of birth and age had a significant effect on a number of 
traits and were therefore included in the relevant models. The treatment x sex 
interaction effect was only significant (P < 0.05) for carcass traits and was therefore 
omitted from all other models, with the exception of the pen ANOVA analysis of 
grower-finisher feed efficiency traits. Birth weight (BWT) had a significant (P < 
0.001) effect on the model for each of the other farrowing house traits when included 
in the model as a covariate. Likewise, WWT had a significant (P < 0.001) effect on 
the model for each of the subsequent growth traits (10WT, ADG, SWT etc.) 
measured when included as a covariate. Age at sale (or at slaughter) was fitted as a 
covariate where significant (P < 0.05) in all relevant models, as GG pens were sold 
at a younger age than M pens (average 145.85 ± 0.12 and 146.76 ± 0.11 days of age, 
respectively), both of which were sold younger than SS pens (average 147.64 ± 0.03 
days of age). Results from the rearing group analysis of grower-finisher performance 
traits reported refer to the results of the ANOVA with pen as the experimental unit. 
5.5.1 Farrowing House 
Gilts had a birth litter size of 10.5 ± 2.6 piglets and sows had a birth litter size 
of 12.7 ± 2.4 piglets (mean ± SD). Gilt progeny were born 90 g lighter (P = 0.038) 
than SP (Table 5.2), and males (1.45 ± 0.02 kg) were born heavier (P = 0.001) than 
females (1.40 ± 0.02 kg). The difference between GP and SP BWT was highly 
significant (P < 0.001) after adjusting for birth litter size (1.31 ± 0.03 vs. 1.50 ± 0.03 
kg, respectively). Gilt progeny grew 26 g/d slower (P < 0.001) than SP in this 
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period, which resulted in them being 730 g lighter (P < 0.001) at weaning (Table 
5.2). When adjusting for BWT as a covariate, GP remained lighter (P < 0.001) than 
SP at weaning (6.17 ± 0.07 vs. 6.73 ± 0.08 kg, respectively), with pre-weaning ADG 
remaining different (P < 0.001) between the two groups (201 ± 3 vs. 224 ± 4 g/d, 
respectively). There was no difference (P = 0.16) in pre-weaning ADG between the 
sexes (data not shown), but males (6.54 ± 0.07 kg) remained heavier (P = 0.044) 
than females (6.40 ± 0.08 kg) at weaning. The subgroup model demonstrated that 
there were no differences in BWT, ADG, WWT or 10WT between the GG and GM 
pigs or the SS and SM pigs (P ≥ 0.05) before penning treatments were applied (Table 
5.3). 
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Table 5.2 Least squares means (± SEM) and main treatment effects from the linear 
mixed models analysis for pig performance traits and carcass characteristics using 
the birth group model (gilt progeny [GP] and sow progeny [SP]). 
  Treatment  
Trait1 Model2 GP SP P-value 
Pre-weaning (0 to 3 weeks) 
BWT, kg y = x1 + litter 1.38 (0.03) 1.47 (0.03) 0.038 
ADG, g/d y = x1 + litter + wean age 200 (3) 226 (4) <0.001 
WWT, kg y = x1 + litter + wean age 6.11 (0.09) 6.84 (0.10) <0.001 
Weaner period (3 to 10 weeks) 
ADG, g/d y = x1 + litter 455 (6) 500 (6) <0.001 
10WT, kg y = x1 + litter + 10-week age 28.3 (0.4) 31.4 (0.4) <0.001 
Grower-finisher (10 weeks to sale) 
ADG, g/d y = x1 + litter 819 (7) 844 (7) 0.012 
SWT, kg y = x1 + litter + sale age 89.3 (0.8) 93.5 (0.9) 0.001 
Lifetime (0 weeks to sale) 
Wean to sale ADG, g/d y = x1 + litter 676 (6) 705 (6) 0.001 
Birth to sale ADG, g/d y = x1 + litter 598 (5) 628 (5) <0.001 
Carcass 
HCW, kg y = x1 + tmt x sex + litter + slaughter age 69.8 (0.6) 73.1 (0.6) 0.001 
FAT, mm y = x1 + tmt x sex + litter + slaughter age 8.4 (0.1) 9.0 (0.1) 0.002 
FAT (adjusted), mm y = x1 + tmt x sex + litter + slaughter age 
+ HCW  
8.5 (0.1) 8.8 (0.1) 0.15 
DP, %3 y = x1 + tmt x sex 78.4 (0.2) 78.2 (0.2) 0.51 
1 BWT = birth weight; ADG = average daily gain; WWT = weaning weight (3 weeks; 23.7 ± 0.1 days 
of age); 10WT = 10 week weight (72.7 ± 0.1 days of age); SWT = sale weight (146.7 ± 0.1 days of 
age); HCW = hot carcass weight (slaughter age = 152.2 ± 0.1 days of age); tmt = dam parity 
treatment; FAT = carcass fat depth measured at the P2 site; DP = dressing percentage: (HCW/SWT) x 
100. 
2 Fixed effects model (x1 = birth group treatment + sex) with interactions, random effects and 
covariates, included if they made a significant (P < 0.05) contribution to the model. 
3 Represents a modified DP calculated based on HCW measured on day of slaughter and SWT 
measured approximately 6 days prior to slaughter. 
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Table 5.3 Least squares means (± SEM) and between treatment pairwise 
comparisons from the linear mixed models analysis for individual pig performance 
traits and carcass characteristics using the subgroup model.1 
 Subgroup3 P-value4 
Trait2 GG SS GM SM GG vs. GM SS vs. SM 
Before weaning (0 to 3 weeks) 
BWT, kg 1.38 (0.03) 1.50 (0.03) 1.38 (0.04) 1.48 (0.04) 1.00 1.00 
ADG, g/d 202 (4) 226 (4) 200 (5) 226 (5) 1.00 1.00 
WWT, kg 6.15 (0.11) 6.81 (0.11) 6.16 (0.13) 6.79 (0.14) 1.00 1.00 
Weaner period (3 to 10 weeks) 
ADG, g/d 450 (6) 496 (7) 466 (8) 508 (8) 0.062 0.12 
10WT, kg 28.1 (0.4) 31.2 (0.4) 28.9 (0.5) 31.8 (0.5) 0.19 0.31 
Grower-finisher (10 weeks to sale) 
ADG, g/d 812 (7) 854 (8) 836 (11) 822 (11) 0.076 0.012 
SWT, kg 88.4 (0.9) 94.1 (0.9) 91.3 (1.1) 92.3 (1.1) 0.016 0.19 
Lifetime (0 weeks to sale) 
WS ADG, g/d 669 (6) 709 (7) 693 (8) 694 (8) 0.008 0.16 
BS ADG, g/d 592 (5) 632 (6) 612 (7) 620 (7) 0.014 0.19 
Carcass       
HCW, kg 69.2 (0.6) 73.5 (0.7) 71.0 (0.8) 71.9 (0.8) 0.038 0.070 
FAT, mm 8.2 (0.1) 9.0 (0.1) 8.7 (0.2) 8.9 (0.2) 0.016 1.00 
FAT (adjusted), mm5  8.4 (0.1) 8.7 (0.1) 8.8 (0.2) 8.8 (0.2) 0.086 1.00 
DP, %6 78.6 (0.2) 78.4 (0.2) 77.8 (0.3) 77.8 (0.3) 0.066 0.17 
1 See Table 5.2 for final models. 
2 BWT = birth weight; ADG = average daily gain; WWT = weaning weight (3 weeks; 23.7 ± 0.1 days 
of age); 10WT = 10 week weight (72.7 ± 0.1 days of age); SWT = sale weight (146.7 ± 0.1 days of 
age); WS = wean to sale; BS = birth to sale; HCW = hot carcass weight (slaughter age = 152.2 ± 0.1 
days of age); FAT = carcass fat depth measured at the P2 site; DP = dressing percentage: 
(HCW/SWT) x 100. 
3 GG = gilt progeny (GP) penned together; SS = sow progeny (SP) penned together; GM = GP mixed 
with SP; SM = SP mixed with GP. 
4 Contrast P-values obtained after a Bonferroni adjustment for multiple comparisons. 
5 Carcass fat (FAT) corrected for HCW as a covariate. 
6 Represents a modified DP calculated based on HCW measured on day of slaughter and SWT 
measured approximately 6 days prior to slaughter. 
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5.5.2 Weaner Period 
Gilt progeny grew 55 g/d slower (P < 0.001) in the weaner period than SP 
(Table 5.2), and females (492 ± 5 g/d) grew faster (P < 0.001) than males (462 ± 5 
g/d). When adjusting for WWT, the difference in ADG in the weaner period (from 
weaning to 10 weeks of age) between GP and SP remained different (461 ± 5 vs. 492 
± 6 g/d, respectively; P < 0.001). Gilt progeny were lighter (P < 0.001) than SP at 
10 weeks of age (10WT) both with (29.0 ± 0.3 vs. 30.7 ± 0.3 kg, respectively; Figure 
5.2) and without (Table 5.2) fitting WWT as a covariate. Females (30.5 ± 0.3 kg) 
were heavier (P < 0.001) than males (29.2 ± 0.3 kg) at 10 weeks of age. In the 
rearing group model, GG pens had a lighter 10WT (P < 0.001) than SS and M pens 
(Table 5.4). There was no significant treatment x sex interaction for 10WT (data not 
shown).  
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Table 5.4 Least squares means (± SEM) of the penning treatment (T) and sex (S) 
interaction (T*S) from the rearing group model analysis of average pig performance 
traits and carcass characteristics in the grower–finisher period, with pen as the 
experimental unit. 
 Female Male  P-value 
Trait1,2 GG SS M GG SS M SEM T3 S T*S 
10 weeks to sale 
10WT, kg 28.3 32.5 30.7 26.9 30.5 29.5 0.6 <0.001 0.007 0.80 
ADG, g/d 783 795 839 839 896 816 24 0.35 0.036 0.063 
ADFI, kg/d 1.70a 1.82b 1.83b 1.72ab 1.76a 1.64b 0.03 0.022 0.003 0.007 
G:F, kg:kg 0.46 0.44 0.46 0.49 0.51 0.50 0.01 0.84 <0.001 0.080 
SWT, kg 86.0 91.3 92.7 88.9 96.6 89.9 1.6 0.002 0.17 0.054 
Carcass 
HCW, kg 67.3 74.4 72.9 69.8 72.9 69.4 0.9 0.78 0.091 0.003 
FAT, mm 7.9a 9.5b 9.4b 8.2 8.6 8.2 0.3 0.003 0.010 0.030 
FAT (adj.), mm4 8.8 8.8 9.1 8.5 8.2 8.6 0.2 0.33 0.010 0.79 
DP, %5 77.3 78.6 77.5 80.7 77.7 76.6 1.2 0.26 0.55 0.12 
1 10WT = average pig weight at 10 weeks of age, fitted as a covariate in the model; ADG = average 
daily gain; ADFI = average daily feed intake; G:F = gain to feed ratio; SWT = average pig weight at 
sale (approximately 21 weeks of age); HCW = hot carcass weight; FAT = carcass fat depth measured 
at the P2 site; DP = dressing percentage: (HCW/SWT) x 100. 
2 The fixed factors model used was treatment (T) + sex (S) + treatment x sex (T*S), plus any 
covariates as appropriate. 
3 Treatment groups were: GG = gilt progeny separately penned (n = 7); SS = sow progeny separately 
penned (n = 7); M = gilt progeny and sow progeny mixed in a common pen (n = 6). 
4 Carcass fat adjusted for HCW as a covariate. 
5 Represents a modified DP calculated based on HCW measured on day of slaughter and SWT 
measured approximately 6 days prior to slaughter. 
a,b Means within a rows and sexes with different superscripts significantly differ (P < 0.05) after a 
Bonferroni adjustment for multiple comparisons. 
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5.5.3 Grower-Finisher Period 
In the birth group model, GP grew slower (P = 0.012, Table 5.2) than SP, 
and males (852 ± 6 g/d) grew faster (P < 0.001) than females (812 ± 6 g/d). 
Differences between GP and SP disappeared (P = 0.14) when adjusting for WWT 
(824 ± 6 vs. 838 ± 6 g/d, respectively; Figure 5.2). As a result, GP were 4.2 kg 
lighter (P = 0.001) at sale than SP, and tended to be lighter (P = 0.063) when 
adjusting for WWT (90.2 ± 0.7 vs. 92.3 ± 0.7 kg, respectively; Figure 5.2). Females 
(90.5 ± 0.7 kg) had a lower (P = 0.014) SWT than males (92.3 ± 0.6 kg). While the 
treatment x sex interaction tended to be significant in the rearing group model with 
pen as the experimental unit for both the ADG in this period (P = 0.063) and for 
SWT (P = 0.054; Table 5.4), this was not the case with individual pig as the 
experimental unit in the birth group, rearing group or sub-group models where 
common litter effects could be accounted for in the model. Consequently, these 
interactive effects were not investigated further. The subgroup model analysis 
showed that GG pigs tended (P = 0.076) to grow slower than GM pigs during this 
period and had a lighter SWT (P = 0.016; Table 5.3). Conversely, SS pigs grew 
faster (P = 0.012) than SM pigs during this period but there was no difference (P = 
0.19) in SWT between these pigs (Table 5.3). 
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Figure 5.2 Difference in liveweight (in kg) between gilt progeny and sow progeny 
from weaning (3 weeks of age) to sale (21 weeks of age).  
Results are shown for the model with no correction and the model with a correction for weaning 
weight fitted as a covariate. 
 
5.5.4 Pen Feed Efficiency 
There was a treatment x sex interaction for ADFI (P = 0.007) such that 
within male pens, M pens had a lower ADFI than SS pens and GG pens were 
intermediate, whereas within female pens, ADFI of pigs in M pens was similar to 
that of SS pens, both of which had higher ADFI than GG pens (Table 5.4). There 
was no effect (P = 0.84) of dam parity on G:F, with similar efficiency between GG 
(0.48 ± 0.01 kg:kg), SS (0.47 ± 0.01 kg:kg) and M pens (0.47 ± 0.01 kg:kg). While 
there tended to be a treatment x sex interaction for G:F (P = 0.080), there were no 
significant pairwise differences between individual means as a result of the simple 
effects analysis (P > 0.10; Table 5.4). 
5.5.5 Lifetime Performance 
Within the birth group model, GP grew slower (P < 0.05) than SP from 
weaning to sale and from birth to sale (Table 5.2), and this remained the case (P < 
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0.05) when corrected for BW at the start of that period (BWT or WWT; data not 
shown). Males grew faster than females both from birth to sale (P = 0.018) and from 
weaning to sale (P = 0.020; data not shown). Mixed GP (GM) grew faster (P = 
0.008) than GG pigs both from weaning to sale and from birth to sale (P = 0.014; 
Table 5.3) in the subgroup model analysis, but there was no difference (P ≥ 0.05) in 
these growth rates between SS and SM pigs (Table 5.3). 
5.5.6 Carcass Characteristics 
There was a treatment x sex interaction for HCW in the birth group model, 
both with (P < 0.001) and without (P = 0.002) WWT as a covariate. The difference 
in HCW between GP and SP was all attributed to female progeny (69.0 ± 0.7 vs. 
73.9 ± 0.8 kg, respectively; P < 0.001) as opposed to male progeny (70.5 ± 0.7 vs. 
72.3 ± 0.7 kg, respectively; P = 0.10) and this held true when adjusting for WWT 
(data not shown). The treatment x sex interaction was significant for HCW in the 
rearing group treatment model (P = 0.003; Table 5.4) and the subgroup model (P < 
0.001). However, there were no significant (P ≥ 0.10) pairwise differences between 
groups of males or females in the rearing group model (Table 5.4). In the subgroup 
model, GG females had lower (P < 0.001) HCW than GM females, but there was no 
difference between SS and SM females (P = 1.00), and no difference between GG 
and GM or SS and SM males (P ≥ 0.05; Figure 5.3A).  
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Figure 5.3 (A) Hot carcass weight (HCW; kg); and (B) P2 carcass fat depth 
corrected for HCW (adj. FAT; mm) between male and female gilt progeny (GP) 
separately penned (GG), gilt progeny mixed with sow progeny in a common pen 
(GM), sow progeny separately penned (SS) and sow progeny mixed with gilt 
progeny in a common pen (SM) from the results of the treatment × sex interaction of 
the subgroup linear mixed model analysis.  
** indicates a significant difference (P < 0.05) and * indicates a trend (P < 0.10) between separate 
and mixed GP treatments (GG vs. GM) from the simple effects analysis. 
 
Gilt progeny had significantly lower FAT than SP in the birth group model, 
but not when corrected for HCW (P = 0.15; Table 5.2). There was a treatment x sex 
interaction (P = 0.003) on FAT when it was corrected for HCW in the birth group 
model, and female SP had a higher FAT (P = 0.01) than female GP (9.2 ± 0.2 vs. 8.5 
± 0.1 mm, respectively). However, there was no difference between SP and GP in 
the males (8.4 ± 0.1 vs. 8.5 ± 0.1 mm, respectively; P = 0.10). In the rearing group 
model, female GG pens were lighter (P < 0.05) than other female pens (SS and M), 
but there were no differences (P ≥ 0.10) within the males (interaction P = 0.030; 
Table 5.4). However, when adjusting for HCW, there was no interactive effect (P = 
0.79) of treatment x sex on FAT in the rearing group model (Table 5.4). Results 
from the subgroup analysis showed that there were no differences in FAT corrected 
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for HCW (P ≥ 0.05) within the males or within female SP, but female GM pigs 
tended (P = 0.055) to have higher FAT than female GG pigs at a similar HCW 
(interaction P = 0.022; Figure 5.3B). A similar result was obtained for FAT without 
the correction for HCW (data not shown). 
There was a treatment x sex interaction (P < 0.001) on DP in the birth group 
model, being higher (P < 0.001) in GP than SP within males (78.4 vs. 76.0%, 
respectively) and higher (P < 0.001) in SP than GP within females (78.3 vs. 80.4%, 
respectively). The treatment x sex interaction effect was not significant in the rearing 
group model (P = 0.12; Table 5.4). In the subgroup model (interaction P < 0.001), 
within females, DP was similar between GG (78.2 ± 0.3%) and GM pigs (78.6 ± 
0.4%) but SS pigs (81.1 ± 0.3%) had a higher (P < 0.001) DP than SM pigs (78.8 ± 
0.5%). Conversely, this advantage was within GP in males, where DP was similar (P 
= 0.19) between SS (75.8 ± 0.3%) and SM pigs (76.8 ± 0.4%) but GG pigs (79.0 ± 
0.3%) had a higher (P < 0.001) DP than GM pigs (77.0 ± 0.4%). 
5.6 Discussion 
Gilts and their progeny are an unavoidable component of every pig breeding 
enterprise, with replacement rates remaining high (>50% in Australia; Australian 
Pork Limited, 2013) despite efforts to improve sow longevity. Gilts have had less 
exposure to pathogens throughout their lifetime than older parity sows and therefore 
less opportunity to augment their own immunity before they farrow their first litter, 
which can impact negatively the transfer of passive immunity to their piglets 
(Klobasa et al., 1986, Miller et al., 2012). Piglets that do not receive adequate 
immunity from their dam in the early post-natal period have a higher risk of 
mortality and show compromised growth during lactation and beyond (Rooke and 
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Bland, 2002). Additionally, lower feed intakes and higher energy demands for tissue 
deposition in gilts compared to multiparous sows may impact on udder development 
and milk production (Sinclair et al., 1996, Pluske et al., 1998, Balzani et al., 2016). 
Furthermore, lower maternal, uterine and placental size (Nielsen et al., 1995, 
Gluckman and Hanson, 2004) may restrict the growth of their progeny in utero 
(Gatford et al., 2009). In the present study, therefore, it is not surprising that we 
observed that GP were significantly lighter at birth and weaning than SP, in 
agreement with published literature (Miller et al., 2012, Carney-Hinkle et al., 2013, 
Craig et al., 2017b).  
Low birth weight has been correlated with low weaning weight (Quiniou et 
al., 2002), and this is reinforced by our current finding and our previous study (Craig 
et al., 2017a) that weaning weight was highly related to birth weight. This may be 
intuitive, as smaller born pigs take longer to reach the udder and first suckle (Herpin 
et al., 1992), have lower colostrum and milk intake (Theil et al., 2012), and lack the 
thermoregulatory capacity of their larger counterparts (Le Dividich and Noblet, 
1981). However and after accounting for differences in birth weight, the GP were 
still lighter than SP at weaning, indicating that birth weight alone did not account for 
the differences in subsequent growth between GP and SP, most likely reflecting the 
influence of milk production differences between gilts and sows in lactation. It 
should be noted that suckled litter size (post-fostering) was unknown in this study 
and therefore was not able to be included in the analysis of weaning weight but may 
have had some impact on the results reported here.  
Slower post-weaning growth in GP compared to SP from the current study is 
also in agreement with others (Craig et al., 2017a, Hermesch et al., 2017), and is 
unsurprising given that birth and weaning weight are generally considered the main 
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determinants of post-weaning growth up to slaughter (Mahan, 1993, Quiniou et al., 
2002, Dunshea et al., 2003). In the same way, the compromised growth in the 
grower-finisher period and carcass weight in GP in the current study and our 
previous work (Craig et al., 2017a) confirms observations from others that GP grow 
slower and take longer to reach saleable weight than SP (Schinckel et al., 2010, 
Hermesch et al., 2017). This again is often attributed to weight at birth and weaning 
(Kavanagh et al., 1997, Quiniou et al., 2002), which is reinforced by the results of 
the current study. In addition, underdevelopment of GP at times of dietary changes, 
such as a reduction in SID lysine from the weaner to the grower diet at 10 weeks of 
age, may limit their growth in these periods. Focusing on management to improve 
growth of GP in the pre-weaning period may therefore be the most effective way to 
increase the productivity of these animals through to slaughter. It was unfortunate 
that collection of pre- and post-weaning mortality data was incomplete for the 
current study, as past studies are equivocal regarding differences in mortality rates 
between GP and SP, and at what stages of production these occur (Miller et al., 
2012, Carney-Hinkle et al., 2013, Craig et al., 2017a). In addition to a lower average 
birth weight, the distribution of piglets between different birth weight classes (i.e. 
light, average or heavy) in gilt and sow litters may have a significant impact on 
lifetime growth performance and mortality differences between GP and SP. In the 
current study, similar proportions of GP and SP were found for piglets born ≤ 800g, 
between 800 g and 1200 kg, and >1200 g (data not shown). However, how these 
categories are defined differs greatly between authors (Milligan et al., 2002, Muns et 
al., 2015) and the current study was not designed to assess the impact of birth weight 
categories on GP and SP performance.  
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It seems within-site segregation of GP and SP generally poses no benefit for 
either group when carried out from weaning (Craig et al., 2017a). This concept was 
further investigated in the current study, with GP and SP segregation in the grower-
finisher period yielding similar results to our previous study (Craig et al., 2017a) 
where GP had higher growth rates in mixed pens than they did in segregated pens, 
which might be due to a reduction in continued exposure to pathogens in the grower-
finisher period for GM progeny by mixing with more immuno-competent and robust 
SP (Friendship and O’Sullivan, 2015). Further evidence for this was seen in the 
current study where SP performed better in segregated pens than mixed pens similar 
to our previous study (Craig et al., 2017a). However, the effect in our previous study 
was non-significant which may have been due to heavier pigs being inadvertently 
allocated to the SM treatment resulting in a reduction in statistical power. It was 
initially thought that segregation in this later period would improve the performance 
of both GP and SP as it would potentially reduce the transmission of respiratory 
disease causing pathogens that GP may be more susceptible compared to SP 
(McOrist et al., 2009, Brean et al., 2016, Craig et al., 2017a). However, several 
factors may have contributed to the discrepancies between the results of our two 
studies, including: herd health status; genetics; management procedures such as 
timing of immunocastration and sale of pigs; season; and/or nutrition. When 
segregating GP and SP in the grower-finisher stage after a period of prior mixing 
from weaning to 10 weeks of age, pathogen exposure may have already occurred in 
this earlier period in which the two progeny groups were already mixed, which may 
have negated any beneficial effects of segregation at 10 weeks of age. However, this 
was shown not to be the case in our previous study (Craig et al., 2017a), where 
similar results to the current study were observed. 
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The interactions between progeny group and sex seen in the current study are 
contrary to our earlier observations (Craig et al., 2017a) where segregation and 
mixing effects were consistent across male and female progeny. In the current study, 
growth differences between male and female GP and SP were not present in the 
subgroup model (or the rearing group model) accounting for common litter effects, 
which is unsurprising as reproductive and behavioural differences between sexes in 
later phases can be influenced by sex ratios in utero (Seyfang et al., 2018). We found 
a higher HCW in GM than GG females but no difference in males. In this context, 
female pigs appear to handle mixing and other stressors better than male pigs 
(Dunshea, 2001, Pluske et al., 2003, Rault et al., 2015) and this result may be due to 
increased fighting in male GM pigs resulting in increased injuries and carcass trim at 
slaughter. This is further reflected in the lower DP in GM males compared to GG 
males in the current study. Sex effects seen in the current study may also be artefacts 
of the effect of the timing of immunocastration in commercial production. This may 
have a profound effect on the metabolism of fat in male GP and SP, for example 
(Dunshea and D’Souza, 2003). This may therefore affect GP and SP differently, 
especially considering immunocastration is usually performed on all animals at a 
certain age, regardless of their weight, and that GP are significantly lighter than SP at 
any given age. Given that we did not find these same interactions with sex in our 
previous study (Craig et al., 2017a), where immunocastration occurred at 13 and 20 
weeks of age compared to 15 and 19 weeks of age in the current study, this may 
indicate that protein deposition and fat metabolism is impacted upon differently in 
male GP and SP depending on the timing of castration. It is therefore of interested to 
further investigate these differences, and it would also be important to evaluate the 
differences between GP and SP within entire males, or males that had been 
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surgically castrated at a young age. In conclusion, the present study confirms that GP 
are born, weaned and sold lighter than SP, and that the pre-weaning period is a vital 
period determining later growth differences. Therefore, it is recommended that 
efforts to improve the growth and survival of GP are focused in this early stage. 
Segregation of previously mixed GP and SP at approximately 10 weeks of age 
throughout the grower-finisher period is difficult in many production systems and 
hence not recommended, as progeny groups are affected differently and this is 
dependent on sex of the animal and the performance indicators considered. 
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6.1 Abstract 
It is important to understand the biological factors influencing the poorer 
lifetime performance of gilt progeny in comparison to sow progeny and determine 
whether this may be partially due to differences in lactation performance between 
primiparous and multiparous sows. It was hypothesized that primiparous sows would 
have lower levels of immunoglobulin G (IgG) in colostrum and milk compared to 
multiparous sows, and lower levels of other energetic components. Differences in 
colostrum and milk composition between ten primiparous and ten multiparous sows 
(parities 3 and 4) from a commercial herd were examined throughout lactation (day 
0, 1, 2, 3, 7, 14, and 21). Overall, there were no (p ≥ 0.05) parity differences in total 
IgG, fat, protein, lactose, and net energy (NE) concentrations. Primiparous sows had 
higher lactose levels at day 2 (parity by timepoint interaction; p = 0.036) and lower 
NE at day 3 (p = 0.091), and multiparous sows had higher lactose levels at days 14 
and 21. Results suggest that shortcomings of gilt progeny are unlikely due to 
insufficient nutrient levels in colostrum and milk, and more likely to reduced 
colostrum and milk intake and their capacity to digest and absorb each component. 
6.2 Introduction 
Progeny born to primiparous sows (gilt progeny) are born lighter, grow 
slower, and have higher rates of mortality than progeny born to multiparous sows 
[1–3]. As this results in high costs to the producer, an understanding of why these 
shortcomings occur is required to successfully implement management strategies to 
improve the health and welfare of gilt progeny. A possible explanation for this 
divergence is different quality and (or) quantity of colostrum and milk in 
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primiparous compared to multiparous sows. Colostrum yield is difficult to measure 
[4,5] and therefore differences between primiparous and multiparous sows are 
relatively unknown. It is speculated that multiparous sows produce more milk once 
lactation is established [6] due to having a larger udder [7] and being able to convert 
more energy into milk production compared to the primiparous sow, who is still 
partitioning energy into her own maturation and growth [8]. There is an inference 
that the colostrum and milk of primiparous sows is lower in immunoglobulins (Igs) 
and other components (total energy, fat, protein, and sugars) than in multiparous 
sows due to the naïve nature of her immature immune system [9], lower gastric 
capacity and resulting lower feed intakes [5,10]. However, data to support this notion 
are equivocal and differ greatly in terms of their experimental design, with genetics 
[11–13], season [13], management factors such as vaccination [14] and medical 
treatment [15], nutrition [4,16], parity numbers involved [17], timing of colostrum 
and milk sampling [5], udder section [4,18–20], oxytocin use [21], and farrowing 
induction [22,23] all affecting the composition of lacteal secretions.  
This study investigated differences in total concentrations of immunoglobulin 
G (IgG), macronutrient levels (protein, fat, and lactose), and net energy (NE) content 
in colostrum and milk between primiparous and multiparous sows (parities 2 and 3) 
from farrowing to day 21 of lactation. It was hypothesized that primiparous sows 
would have lower concentrations of IgG in colostrum and milk compared to 
multiparous sows, coupled with lower levels of macronutrients, resulting in lower 
overall NE content of their lacteal secretions compared to that of older sows. 
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6.3 Materials and Methods 
6.3.1 Ethics Statement  
All experimental procedures carried out were approved in May 2016 by both 
the Rivalea (Australia) Animal Care and Ethics Committee (protocol number 
16P030) and the Murdoch University Animal Ethics Committee (protocol number 
N2847/16) in accordance with the Australian Code for the Care and Use of Animals 
for Scientific Purposes [24]. 
6.3.2 Experimental Animals  
The experiment was conducted under commercial conditions at a large 
piggery in New South Wales, Australia (Rivalea Australia Pty Ltd; Corowa NSW, 
Australia), from May to July 2016. Ten F1 primiparous sows (parity 1) and 10 F1 
multiparous sows (parities 3 and 4 at the current lactation; PrimeGroTM, Corowa 
NSW, Australia) were used. Sows were allocated to the study based on expected 
farrowing date, parity, and success in lactation. All sows were fed common gestation 
(12.7–13.2 MJ DE/kg, 12.1–13.1% CP, 0.5% available Lys, as-fed basis) and 
lactation (14.81 MJ DE/kg, 16.1–16.8% CP, 0.8–0.9% available Lys) diets 
throughout the experiment. Sows were housed in groups of 40 during gestation 
(approximately 2 m2 per animal), with primiparous sows housed separately to 
multiparous sows. Sows entered the farrowing room at approximately day 110 of 
gestation and were housed in farrowing crates fitted with drinker nipples for the dam 
and piglets, and a heat lamp in the creep area. Dams were spread over four separate 
farrowing rooms according to expected due date and farrowed over a period of 15 
days. Piglets were fostered at least 24 h after farrowing according to commercial 
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practices to standardize litters to match the number of productive teats and minimize 
within-litter weight variation. During lactation, sows were fed according to the 
commercial feeding regimen and given an allowance of 2.5 kg/d of lactation feed 
from entry to farrowing, 2.5 kg on day 0, 3 kg on day 1, up to 4 kg on day 2 and ad 
libitum access thereafter until weaning. Piglets were not given access to creep feed 
and were weaned at 26.5 (± 0.4) days of age. 
6.3.3 Colostrum and Milk Collection  
A colostrum sample (approx. 5 mL) was collected from each sow at 
farrowing (day 0; within 1 h from birth of the first piglet), day 1 (approx. 24 h later) 
and day 2 (approx. 48 h) after farrowing without the use of oxytocin. Milk samples 
were collected on days 3 (approx. 72 h), 7, 14 and 21 after farrowing following a 1 
mL subcutaneous (intravulval) injection of oxytocin (10 IU; Ilium Syntocin, Troy 
Laboratories, Glendenning NSW, Australia). Colostrum and milk samples were 
pooled from as many teats as possible, collected throughout the letdown phase, and 
immediately frozen at −20 °C until further analysis. Several colostrum and milk 
samples were unable to be collected, or an insufficient amount was obtained for each 
subsequent laboratory analysis and therefore not all dams were represented at each 
timepoint in the results for all colostrum and milk composition parameters. Numbers 
of observations (n) per parameter by dam parity (primiparous or multiparous) for 
colostrum and milk composition traits are given in Table 6.1. 
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Table 6.1 Number of observations (n) for each trait (including all timepoint 
observations) for each parity group. 
Trait 
Number of Observations (n) 
Primiparous Multiparous 
Protein (%) 44 53 
Lactose (%) 46 53 
Fat (%) 44 54 
NE (MJ/kg) 43 53 
 
6.3.4 Assay for Total Fat  
Whole colostrum and milk samples were assayed for total fat using a method 
adapted from the UV visible photometric method by Forcato et al. [25]. A standard 
colostrum sample was used for each assay, obtained from a pooled sample of 
colostrum collected from several unrelated commercial sows during farrowing. The 
standard sample was frozen in 1 to 2 mL aliquots at −20 °C, one of which was sent 
to an external laboratory (NSW DPI Laboratory Services, Wagga Wagga NSW, 
Australia) and tested for total crude fat via Soxhlet extraction. The crude fat level of 
this sample was evaluated as 5.6%, and this sample was diluted using ultrapure water 
to 2.8%, 1.4%, 0.7% and 0.35% for the standard curve for each assay, with ultrapure 
water used as a blank.  
Sixty µL of colostrum, milk, or standard was added to 3 mL of chilled, pure 
ethanol (99.5% min.; Ajax Finechem; Thermo Fisher Scientific, Scoresby Vic, 
Australia) in a sterile glass tube and briefly mixed. The suspension was then frozen 
at −20 °C for 1 h and subsequently transferred to small polystyrene tubes and spun at 
13,000 × g for 15 min at 4 °C. The supernatant was then transferred to another sterile 
glass tube and left to reach room temperature. From this solution, 200 µL of each 
standard and sample was added to a 96 well UV compatible assay plate (UV-Star 
Microplate, Grenier Bio-One; Interpath Services Pty. Ltd., Heidelberg West Vic, 
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Australia) in duplicate and read at 208 nm on a plate reader (Tecan Spark; Tecan 
Group Ltd. Männedorf, Switzerland). A standard curve was generated from the 
absorbance readings for each standard dilution using online software [26] and total 
fat values for each sample were calculated using this curve. The assay had an intra-
assay CV of 1.1% and an inter-assay CV of 8.5%. 
6.3.5 Total IgG, Protein, Lactose, and Energy Calculation  
Colostrum and milk samples were spun at 21,000 × g for 40 min at 4 °C to 
remove fat prior to analysis for IgG, total protein, and total lactose. Concentration of 
IgG was determined using a commercial pig IgG ELISA kit (Bethyl Laboratories, 
Montgomery TX, USA; 5.5% intra-assay CV and 29.1% inter-assay CV). Total 
protein was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific, Scoresby Vic, Australia) after dilution of standards and samples in 2% 
sodium dodecyl sulfate (SDS; Invitrogen Life Technologies; Thermo Fisher 
Scientific, Scoresby Vic, Australia) to remove any interference from remaining lipids 
as per the procedures used by Geale [11]. The intra- and inter-assay CV for the 
protein assay were 1.9% and 4.5%, respectively. Total lactose was determined using 
a commercial colorimetric assay (BioVision; Sapphire Bioscience, Redfern NSW, 
Australia; 3.2% intra-assay CV and 6.0% inter-assay CV). Total NE (on an as-fed 
basis) of milk from day 3 of lactation onwards was calculated from the values for 
total fat, protein, and lactose according to the equation derived by Hansen et al. [27]; 
NE (MJ/kg) = 0.389 × Fat (%) + 0.239 × Protein (%) + 0.165 × Lactose (%). 
Total NE of colostrum on days 0, 1, and 2 were calculated as adapted by 
Theil et al. [28] using the same equation, without values for protein since 
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approximately 90% of protein at this stage is represented by immunoglobulins that 
are not used as an energy source for the neonatal piglet [28,29]. 
6.3.6 Statistical Analysis  
Farrowing data and colostrum and milk IgG concentration at each individual 
timepoint (day 0, 1, 2, 3, 7, 14 and 21) were analyzed as linear mixed models with 
dam parity as a fixed factor. Colostrum and milk macronutrient composition data 
were analyzed as a repeated measures mixed model with dam parity, timepoint, and 
their interaction as fixed factors, with timepoint defined as a repeated measure with a 
heterogeneous autoregressive first order covariance structure. Parameter estimates 
were calculated using the method of restricted maximum likelihood (REML). All 
data analysis was carried out using the MIXED procedure of SPSS (IBM SPSS, 
version 24; IBM, Armonk NY, USA) with dam as the experimental unit. Any 
extreme outliers were carefully considered for accuracy and either removed or kept 
in the analysis as appropriate (reflected in the number of observations for each trait, 
given in Table 6.1). Farrowing room was tested as a random effect and gestation 
length, days from entry to the farrowing room until farrowing, and born alive were 
tested as covariates for each trait and were kept in or left out of the model as 
appropriate. As such, none of these factors has a significant effect on the overall 
model for any traits (p ≥ 0.10) and the final model for each trait was therefore the 
simple factorial model. Pairwise comparisons were made between individual 
treatment means using the least significant difference (LSD) method, and 
comparisons between interaction means were made when the interaction was 
significant (p < 0.05) or a trend (p < 0.10) by simple effects analysis in SPSS syntax 
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using the COMPARE function. Estimates stated herein are reported as mean ± 
standard error of the mean (SEM). 
6.4 Results 
6.4.1 Farrowing Performance  
One primiparous sow was removed from the experiment after the day 7 milk 
sample as her piglets were unthrifty and her udder was drying up; samples from this 
animal were excluded from the analysis. Primiparous and multiparous sows had 
similar gestation lengths (114.9 ± 0.5 vs. 115.8 ± 0.5 days, respectively; p = 0.18), 
number of stillbirths (0.3 ± 0.2 vs. 0.7 ± 0.2, respectively; p = 0.26), mummified 
fetuses (0.4 ± 0.2 vs. 0.1 ± 0.2, respectively; p = 0.32) and number of piglets weaned 
(9.6 ± 0.5 vs. 10.6 ± 0.5, respectively; p = 0.18). Primiparous sows had less piglets 
born alive (p = 0.031) than multiparous sows (10.7 ± 0.9 vs. 13.7 ± 0.9, 
respectively).  
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6.4.2 Immunoglobulin G 
There was no difference (p ≥ 0.05) in concentration of IgG between 
primiparous and multiparous sow colostrum or milk at any timepoint (Figure 6.1). 
 
(a) 
 
(b) 
  
Figure 6.1 Comparison of total IgG concentration (g/L) between primiparous and 
multiparous sows in: (a) colostrum and transient milk (days 0 to 3); and (b) milk in 
later stages of lactation (days 7 to 21).  
Error bars represent the standard error of the mean (± SEM). 
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6.4.3 Protein 
Total protein in colostrum and milk was not different between primiparous 
and multiparous sows (5.1 ± 0.3 vs. 5.7 ± 0.3%, respectively; p = 0.16). Protein 
decreased over the course of lactation (p < 0.001), and this trend was similar in both 
primiparous and multiparous sow lacteal secretions (interaction p = 0.22; Figure 
6.2). 
 
Figure 6.2 Comparison of total protein concentration (%) in colostrum and milk 
between primiparous and multiparous sows.  
The p-value stated is the effect of the parity by timepoint interaction. Error bars represent the standard 
error of the mean (± SEM). 
 
6.4.4 Lactose 
There was a significant (p = 0.036) parity by timepoint interaction effect on 
lactose content of colostrum and milk, increasing early in lactation for both 
primiparous and multiparous sows, and the decrease occurring earlier between days 
7 and 21 in primiparous sows compared to between days 14 and 21 in multiparous 
sows (Figure 6.3). Lactose content was similar (p ≥ 0.10) at days 0, 1, 3, and 7 
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between primiparous and multiparous sows, tended to be higher (p = 0.063) at day 2 
in primiparous sows, and was higher at days 14 and 21 (p = 0.077 and p = 0.040, 
respectively) in multiparous sows. There was no main effect of parity (p = 0.21) on 
colostrum and milk lactose concentration (5.5 ± 0.1% for primiparous sows and 5.3 
± 0.1% for multiparous sows). 
 
Figure 6.3 Comparison of total lactose concentration (%) in colostrum and milk 
between primiparous and multiparous sows.  
The p-value stated is the effect of the parity by timepoint interaction. Error bars represent the standard 
error of the mean (± SEM). 
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6.4.5 Fat 
There was no main effect of parity on total fat concentration in colostrum and 
milk (p = 0.34; 5.7 ± 0.4% for primiparous sows vs. 6.3 ± 0.4% for multiparous 
sows). Overall, fat content increased (p = 0.024) from farrowing until day 14 and 
decrease again by day 21 prior to weaning. Multiparous sow milk increased in total 
fat content at day 3 whereas this timepoint represented a drop in total fat in 
primiparous sow milk (Figure 6.4; parity x timepoint interaction, p = 0.11). 
 
Figure 6.4 Comparison of total fat concentration (%) in colostrum and milk between 
primiparous and multiparous sows.  
The p-value stated is the effect of the parity by timepoint interaction. Error bars represent the standard 
error of the mean (± SEM). 
 
6.4.6 Net Energy Content 
There was no difference (p = 0.46) in NE content of colostrum and milk 
between primiparous and multiparous sows (3.48 ± 0.16 vs. 3.64 ± 0.15 MJ/kg, 
respectively). Net energy content changed over time (p < 0.001) and followed a 
similar pattern to total fat (Figure 6.5). A trend was observed for the parity by 
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timepoint interaction (p = 0.091), with similar energy levels in primiparous and 
multiparous sow milk at all timepoints except day 3, where it was lower (p = 0.017) 
in primiparous sows compared to multiparous sows. 
 
Figure 6.5 Comparison of calculated NE (MJ/kg) in colostrum and milk between 
primiparous and multiparous sows.  
The p-value stated is the effect of the parity by timepoint interaction. Error bars represent the standard 
error of the mean (± SEM). 
 
6.5 Discussion 
There were minor differences in colostrum and milk composition between 
primiparous and multiparous sows in the current study. Profiles of IgG, total protein, 
total fat, and NE were relatively similar between both groups throughout lactation. 
Differences existed in total lactose in late lactation, where levels seemed to decrease 
earlier in primiparous sows (around the second week of lactation) compared to older 
sows (into the third week of lactation). It is, therefore, more likely that the 
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primiparous sows compared to multiparous sows [5,6,30,31], and subsequently a 
reduction in colostrum and milk available to the piglets, rather than poorer quality of 
the colostrum and milk itself. It is also possible that there is reduced gastrointestinal 
permeability in gilt progeny compared to sow progeny [32], limiting their ability to 
absorb certain components within colostrum and (or) milk. Restriction of fetal 
growth in late gestation may be responsible for a reduction in development of 
gastrointestinal tissue and skeletal muscle in neonatal gilt progeny [33,34], and these 
differences have been shown to persist up to weaning [33,35]. Colostrum production 
may be affected by number and size of mammary cells [16] and therefore may be 
compromised in primiparous sows. Overall colostrum yield is difficult to measure 
accurately [36] and is highly variable between animals [16,37,38]. Regardless, data 
from a study by Declerck et al. [39] indicate that individual piglet colostrum intake is 
not different between gilt progeny and sow progeny, with similar total colostrum 
yields between primiparous and multiparous sows [40]. Lower milk production in 
primiparous sows in comparison to older sows during established lactation [31] may 
result from a smaller udder [7] and lower litter sizes reducing suckling pressure and 
limiting milk production in these animals [31], consequently limiting milk 
consumption and pre-weaning growth in gilt progeny.  
It has been assumed that primiparous sows may produce colostrum and milk 
with lower levels of immune factors than multiparous sows due to having had less 
time for exposure to pathogens over their lifetime and a relatively naïve immune 
system compared to older sows [9]. However, this was not reflected in total 
colostrum and milk IgG concentrations in the current study, with no difference 
between primiparous and multiparous sows, in agreement with several recent studies 
[2,41–43]. This contrasts with Cabrera et al. [44], Quesnel [38], Klobasa et al. [45] 
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and Inoue et al. [18], who all found that primiparous sows had significantly lower 
IgG levels in colostrum and (or) milk than multiparous sows. These discrepancies 
may be due to responses to nutritional changes, as IgG concentration in colostrum is 
very sensitive to these [16], as well as genetic advances, and the timing of collection 
of colostrum samples, particularly the initial sample, as IgG levels in colostrum start 
to change dramatically 4 to 12 h after the initiation of farrowing [37,46]. Udder 
section sampled and whether fore- or hind-milk are collected are a further source of 
variability in colostrum and milk composition [18–20,29]. In this regard, the ability 
to detect statistical differences between primiparous and multiparous sows in 
colostrum and milk composition may have been limited by sample size (n = 20) in 
the current study. Regardless, the concentration of IgG in colostrum and milk 
decreased significantly over the course of lactation in the current study, in 
accordance with others [23,37,47]. Due to lack of previous antigen exposure, 
specific antibody and (or) IgA concentrations in colostrum and milk may be lower in 
primiparous sows [45,47], and this requires further investigation.  
Gilt progeny have a lower concentration of serum IgG compared to sow 
progeny [2,41,48,49], and colostrum intake is relative to the body weight of the 
piglet, with lighter pigs consuming less colostrum [50]. Acquisition of 
immunoglobulins such as IgG is important for ensuring survival of piglets, and 
higher piglet serum IgG concentration [51] and colostrum intake [52] are both 
correlated with an increased survival chance. At birth, piglets are born devoid of 
brown adipose tissue for thermoregulation [53] and with little circulating 
immunoglobulins [52,54]. Reduced absorption of immunoglobulins (“gut closure”) 
at around 24 to 48 h further prevents immunoglobulin from colostrum passing 
through to the piglets’ bloodstream [55], hence it is critical that piglets receive 
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colostrum as early as possible. This is particularly important for piglets of lighter 
birth weight [56,57] and, by inference, gilt progeny [1,11]. Furthermore, colostrum 
intake and IgG absorption can influence a piglets’ own acquired immunity [58,59]. 
Total protein in colostrum and milk followed the same pattern as IgG in the current 
study, which is consistent with the findings of others [23,47]. Our observation that 
total protein in colostrum and milk was not different regarding parity is in agreement 
with the results of Declerck et al. [40], Baas et al. [60] and Klobasa et al. [47]. This 
contrasts with the findings of Beyer et al. [31], who found that primiparous sows had 
lower milk protein than second to fourth parity sows throughout lactation. On the 
other hand, Szyndler-Nędza [12] found that primiparous sows had higher milk 
protein than second and third parity sows on day 14 of lactation.  
Values obtained for lactose concentration in colostrum and milk in the 
current study, and the observation that lactose concentration increased over the 
course of lactation, are consistent with previous reports [5,47]. Similar to protein 
levels, our results agree with some studies [40,47,60] and are equivocal to others 
[12,31] in terms of parity differences in lactose colostrum and milk concentrations. A 
higher lactose concentration in primiparous sow milk compared to multiparous sow 
milk at day 2 of lactation as seen in the current study may have implications for gut 
closure in gilt progeny, as lactose from colostrum has been shown to induce closure 
[61]. Additionally, specific lactase activity (µmol/min/g of protein) in the small 
intestine has been shown to be higher in gilt progeny than sow progeny in the first 24 
h after birth [33] and may have implications for digestion of lactose during this 
critical period, which should be further investigated. Primiparous sows had lower 
lactose levels in milk towards the end of lactation compared to multiparous sows, 
which may indicate lower late lactation milk yields in these younger sows as a result 
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of being unable to keep up with the demands of maximum milk production. Lactose 
is the major osmotic component in the mammary gland determining milk volume 
[62], and hence lower milk lactose levels in primiparous sows may suggest that their 
ability to produce milk in peak lactation is limited compared to older sows. This is 
also most likely a consequence of smaller litter sizes in primiparous sows, reflected 
in one less piglet weaned in the current study (although not statistically significant), 
as the level of suckling stimulus is important for maintaining lactation and milk 
production increases with litter size [5,6,63].  
In support, several studies have found that milk yield increases with 
increasing parity [6,30,31,63] and it is possible that primiparous sows, even when 
feed intake is high, are more likely to partition additional energy into their own 
growth rather than increasing their milk production [8,64,65]. Primiparous sows are 
in a more catabolic state in late lactation [66,67] compared to older sows, resulting in 
prolonged wean to estrus intervals and a reduction in reproductive performance in 
the second parity [68,69]. Uptake of lactose into the mammary gland and the transfer 
of lactose to milk may be disrupted in late lactation due to this negative energy 
balance, with primiparous sows choosing to conserve glucose for metabolism rather 
than milk production, which could help to explain the drop in lactose concentration. 
Lactose is often regarded as the most stable nutritional component in colostrum and 
milk and is therefore difficult to manipulate by factors such as diet [5]. It may be 
more appropriate, therefore, to focus on management of primiparous sow litters 
towards late lactation, by feeding additional milk replacer or creep feed, for example. 
Fat is an important source of energy for the newborn piglet. Since these 
animals have limited body fat reserves at birth, there is little for them to mobilize in 
periods of fasting and therefore intake of fats through the diet is critical [70]. Fat is 
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the most variable component in sow colostrum and milk [5,16,47] and most sensitive 
to changes in diet, and this is reflected in the outcomes of the current study. There 
have been mixed results in previous literature and the current study that are reflective 
of the highly variable nature of colostrum and milk fat concentrations. Several 
studies have found that colostral fat is highest in primiparous sows and then drops 
until at least parity 4 [12,16,17,40,71]. However, Peters and Mahan [17] found a 
quadratic response to parity, with colostral fat increasing again from the fourth 
parity. Quesnel et al. [16] and Mahan [71] found that fat content of milk was highest 
in primiparous sows and second parity sows then decreased thereafter, which 
contrasted with the findings of Beyer et al. [31] who found that primiparous sows 
had the lowest milk fat concentration and this increased linearly up until parity 4. 
Total NE in milk followed a similar pattern to fat content, which is not 
surprising given the high energy content of fat in the equation used to calculate this 
value [72]. The current study found no parity differences in milk NE, and this 
contrasted with Beyer et al. [31] who reported gross energy of milk to increase from 
first to fourth parity. The observation of higher NE of milk at day 3 of lactation in 
multiparous sows was an interesting finding and may be explained by higher feed 
intake in these animals, and it was unfortunate that feed intake data was not able to 
be collected in the current study. Primiparous and multiparous sows increase their 
feed intake substantially over the first week of lactation to keep up with the high 
nutrient demands of lactation [5]. However, primiparous sows have been shown to 
have lower feed intake in lactation compared to multiparous sows and they may be 
limited in gastric capacity [5,10]. This difference in milk NE at the transient milk 
stage may reflect a delay in adjustment to the commercial “step-up” feeding regime 
in primiparous sows, whereby feed on offer is slowly increased in the first few days 
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after farrowing, becoming ad libitum after day 3. Additionally, use of oxytocin has 
been shown to manipulate mammary tight junctions [21]. This prolongs the colostral 
phase of lactation and may therefore have played a role in the difference in milk NE 
at day 3 in this study, as the same volume of oxytocin was administered to each 
animal regardless of body weight. Therefore, oxytocin may have exerted a more 
pronounced effect on primiparous sows. However, no differences were seen in IgG 
or protein levels as would be expected if mammary tight junctions had been altered 
[21]. 
6.6 Conclusions 
The results from this study indicate that colostrum and milk composition 
throughout lactation does not differ considerably between primiparous sows and 
third and fourth parity sows in terms of IgG, total protein, fat, or total NE content. 
However, primiparous sows may not be able to meet the additional demands of a 
prolonged lactation, supported by a drop in lactose content in the late stages of 
lactation in primiparous sows compared to multiparous sows in the current study, 
and this requires further investigation. Consequently, it seems that reduced growth 
and higher mortality in gilt progeny compared to sow progeny may be more likely 
due to them having a lower intake of colostrum and milk, and (or) a relative inability 
to digest and absorb nutritional components from colostrum and milk during the pre-
weaning period. 
226 
 
6.7 Literature Cited 
1.  Craig, J.R.; Collins, C.L.; Bunter, K.L.; Cottrell, J.J.; Dunshea, F.R.; Pluske, 
J.R. Poorer lifetime growth performance of gilt progeny compared with sow 
progeny is largely due to weight differences at birth and reduced growth in 
the preweaning period, and is not improved by progeny segregation after 
weaning. J. Anim. Sci. 2017, 95, 4904–4916. 
2.  Carney-Hinkle, E.E.; Tran, H.; Bundy, J.W.; Moreno, R.; Miller, P.S.; 
Burkey, T.E. Effect of dam parity on litter performance, transfer of passive 
immunity, and progeny microbial ecology. J. Anim. Sci. 2013, 91, 2885–
2893. 
3. Holyoake, P.K. Dam parity affects the performance of nursery pigs. In 
Proceedings of the 19th International Pig Veterinary Society Congress, 
Copenhangen, Denmark, 16–19 July 2006; p. 149. 
4. Farmer, C.; Quesnel, H. Nutritional, hormonal, and environmental effects on 
colostrum in sows. J. Anim. Sci. 2009, 87, 56–64. 
5. Theil, P.; Nielsen, M.; Sørensen, M.; Lauridsen, C. Lactation, milk and 
suckling. In Nutritional Physiology ofPigs; Bach Knudsen, K.E., Kjeldsen, 
N.J., Poulsen, H.D., Jensen, B.B., Eds.; Danish Pig Research Centre: 
Copenhagen, Denmark, 2012; pp. 1–47. 
6. King, R.H. Factors that influence milk production in well-fed sows. J. Anim. 
Sci. 2000, 78, 19–25. 
7. Balzani, A.; Cordell, H.J.; Sutcliffe, E.; Edwards, S.A. Sources of variation in 
udder morphology of sows. J. Anim. Sci. 2016, 94, 394–400. 
8. Pluske, J.R.; Williams, I.H.; Zak, L.J.; Clowes, E.J.; Cegielski, A.C.; Aherne, 
F.X. Feeding lactating primiparous sows to establish three divergent 
227 
 
metabolic states: III. Milk production and pig growth. J. Anim. Sci. 1998, 76, 
1165–1171. 
9. Friendship, R.M.; O’Sullivan, T.L. Sow health. In The Gestating and 
Lactating Sow; Farmer, C., Ed.; Wageningen Academic Publishers: 
Wageningen, The Netherlands, 2015; pp. 409–421. 
10.  King, R.H.; Dunkin, A.C. The effect of nutrition on the reproductive 
performance of first-litter sows. 3. The response to graded increases in food 
intake during lactation. Anim. Sci. 1986, 42, 119–125. 
11.  Geale, P. Characterisation of Porcine Colostrum and its Impact on Piglet 
Growth. Ph.D. Thesis, University of Sydney, Sydney, Australia, 2011. 
12.  Szyndler-Nędza, M. Coefficients of repeatability for colostrum and milk 
composition of PLW and PL sows over three consecutive lactations. Livest. 
Sci. 2016, 185, 56–60. 
13.  Picone, G.; Zappaterra, M.; Luise, D.; Trimigno, A.; Capozzi, F.; Motta, V.; 
Davoli, R.; Costa, L.N.; Bosi, P.; Trevisi, P. Metabolomics characterization 
of colostrum in three sow breeds and its influences on piglets’ survival and 
litter growth rates. J. Anim. Sci. Biotechnol. 2018, 9, 23. 
14.  Bourne, F.J.; Newby, T.J.; Chidlow, J.W. The influence of route of 
vaccination on the systemic and local immune response in the pig. Res. Vet. 
Sci. 1975, 18, 244–248. 
15.  Mainau, E.; Temple, D.; Manteca, X. Experimental study on the effect of oral 
meloxicam administration in sows on pre-weaning mortality and growth and 
immunoglobulin G transfer to piglets. Prev. Vet. Med. 2016, 126, 48–53. 
16.  Quesnel, H.; Farmer, C.; Devillers, N. Colostrum intake: Influence on piglet 
performance and factors of variation. Livest. Sci. 2012, 146, 105–114. 
228 
 
17.  Peters, J.C.; Mahan, D.C. Effects of dietary organic and inorganic trace 
mineral levels on sow reproductive performances and daily mineral intakes 
over six parities. J. Anim. Sci. 2008, 86, 2247–2260. 
18.  Inoue, T.; Kitano, K.; Inoue, K. Possible factors influencing the 
immunoglobulin G concentration in swine colostrum. Am. J. Vet. Res. 1980, 
41, 1134–1136. 
19.  Wu, W.Z.; Wang, X.Q.; Wu, G.Y.; Kim, S.W.; Chen, F.; Wang, J.J. 
Differential composition of proteomes in sow colostrum and milk from 
anterior and posterior mammary glands. J. Anim. Sci. 2010, 88, 2657–2664. 
20.  Atwood, C.S.; Hartmann, P.E. Collection of fore and hind milk from the sow 
and the changes in milk composition during suckling. J. Dairy Res. 1992, 59, 
287–298. 
21.  Farmer, C.; Lessard, M.; Knight, C.H.; Quesnel, H. Oxytocin injections in 
the postpartal period affect mammary tight junctions in sows. J. Anim. Sci. 
2017, 95, 3532–3539. 
22.  Foisnet, A.; Farmer, C.; David, C.; Quesnel, H. Farrowing induction induces 
transient alterations in prolactin concentrations and colostrum composition in 
primiparous sows. J. Anim. Sci. 2011, 89, 3048–3059. 
23.  Vallet, J.L.; Miles, J.R. The effect of farrowing induction on colostrum and 
piglet serum immunocrits is dependent on parity. J. Anim. Sci. 2017, 95, 
688–696. 
24.  NHMRC. The Australian Code for the Care and Use ofAnimals for Scientific 
Purposes, 8th ed.; National Health and Medical Research Council: Canberra, 
Australia, 2013. 
229 
 
25.  Forcato, D.O.; Carmine, M.P.; Echeverria, G.E.; Pécora, R.P.; Kivatinitz, 
S.C. Milk fat content measurement by a simple UV spectrophotometric 
method: An alternative screening method. J. Dairy Sci. 2005, 88, 478–481. 
26.  MyAssays Ltd. MyCurveFit Online Curve Fitting. Available online: 
https://mycurvefit.com/ (accessed on 5 February 2018). 
27.  Hansen, A.V.; Strathe, A.B.; Kebreab, E.; France, J.; Theil, P.K. Predicting 
milk yield and composition in lactating sows: A Bayesian approach. J. Anim. 
Sci. 2012, 90, 2285–2298. 
28.  Theil, P.K.; Lauridsen, C.; Quesnel, H. Neonatal piglet survival: Impact of 
sow nutrition around parturition on fetal glycogen deposition and production 
and composition of colostrum and transient milk. Animal 2014, 8, 1021–
1030. 
29.  Hurley, W.L. Composition of sow colostrum and milk. In The Gestating and 
Lactating Sow; Farmer, C., Ed.; Wageningen Academic Publishers: 
Wageningen, The Netherlands, 2015; pp. 193–232. 
30.  Speer, V.C.; Cox, D.F. Estimating Milk Yield of Sows. J. Anim. Sci. 1984, 
59, 1281–1285. 
31.  Beyer, M.; Jentsch, W.; Kuhla, S.; Wittenburg, H.; Kreienbring, F.; Scholze, 
H.; Rudolph, P.E.; Metges, C.C. Effects of dietary energy intake during 
gestation and lactation on milk yield and composition of first, second and 
fourth parity sows. Arch. Anim. Nutr. 2007, 61, 452–468. 
32.  Cottrell, J.J.; Craig, J.; Wijesiriwardana, U.A.; Fothergill, L.; Ringuet, M.T.; 
O’Hallorhan, K.; Turpin, D.L.; Munoz, L.M.; Collins, C.L.; Furness, J.B.; et 
al. The Gastrointestinal Tract of Piglets From First Parity Sows Develops 
230 
 
More Slowly And Is More Permeable Than Piglets From Later Parity Sows. 
FASEB J. 2017, 31, 792. 
33.  Craig, J.R.; Dunshea, F.R.; Cottrell, J.J.; Wijesiriwardana, U.A.; Furness, 
J.B.; Pluske, J.R. Comparison of lactose digestive capacity in the small 
intestine between gilt and sow progeny around birth and weaning. In 
Proceedings of the 14th International Symposium on Digestive Physiology of 
Pigs, Brisbane, Australia, 22–24 August 2018. 
34. Da Silva, A.; Dalto, D.; Lozano, A.; De Oliveira, E.; Gavioli, D.; De 
Oliveira, J.; Romero, N.; Da Silva, C. Differences in muscle characteristics of 
piglets related to the sow parity. Can. J. Anim. Sci. 2013, 93, 471–475. 
35.  van Wettere, W.H.E.J.; Willson, N.-L.; Pain, S.J.; Forder, R.E.A. Effect of 
oral polyamine supplementation pre-weaning on piglet growth and intestinal 
characteristics. Animal 2016, 10, 1655–1659. 
36.  Theil, P.K.; Flummer, C.; Hurley, W.L.; Kristensen, N.B.; Labouriau, R.L.; 
Sørensen, M.T. Mechanistic model to predict colostrum intake based on 
deuterium oxide dilution technique data and impact of gestation and 
prefarrowing diets on piglet intake and sow yield of colostrum. J. Anim. Sci. 
2014, 92, 5507–5519. 
37.  Devillers, N.; Farmer, C.; Le Dividich, J.; Prunier, A. Variability of 
colostrum yield and colostrum intake in pigs. Animal 2007, 1, 1033–1041. 
38. Quesnel, H. Colostrum production by sows: Variability of colostrum yield 
and immunoglobulin G concentrations. Animal 2011, 5, 1546–1553. 
39.  Declerck, I.; Sarrazin, S.; Dewulf, J.; Maes, D. Sow and piglet factors 
determining variation of colostrum intake between and within litters. Animal 
2017, 11, 1–8. 
231 
 
40.  Declerck, I.; Dewulf, J.; Piepers, S.; Decaluwé, R.; Maes, D. Sow and litter 
factors influencing colostrum yield and nutritional composition. J. Anim. Sci. 
2015, 93, 1309–1317. 
41.  Ison, S.H.; Jarvis, S.; Ashworth, C.J.; Rutherford, K.M.D. The effect of post-
farrowing ketoprofen on sow feed intake, nursing behaviour and piglet 
performance. Livest. Sci. 2017, 202, 115–123. 
42.  Kielland, C.; Rootwelt, V.; Reksen, O.; Framstad, T. The association 
between immunoglobulin G in sow colostrum and piglet plasma. J. Anim. 
Sci. 2015, 93, 4453–4462. 
43.  Miller, Y.J.; Collins, A.M.; Emery, D.; Begg, D.J.; Smits, R.J.; Holyoake, 
P.K. Piglet performance and immunity is determined by the parity of both the 
birth dam and the rearing dam. Anim. Prod. Sci. 2012, 53, 46–51. 
44.  Cabrera, R.A.; Lin, X.; Campbell, J.M.; Moeser, A.J.; Odle, J. Influence of 
birth order, birth weight, colostrum and serum immunoglobulin G on 
neonatal piglet survival. J. Anim. Sci. Biotechnol. 2012, 3, 1–10. 
45.  Klobasa, F.; Butler, J.E.; Werhahn, E.; Habe, F. Maternal-neonatal 
immunoregulation in swine. II. Influence of multiparity on de novo 
immunoglobulin synthesis by piglets. Vet. Immunol. Immunopathol. 1986, 
11, 149–159. 
46.  Bland, I.M.; Rooke, J.A.; Bland, V.C.; Sinclair, A.G.; Edwards, S.A. 
Appearance of immunoglobulin G in the plasma of piglets following intake 
of colostrum, with or without a delay in sucking. Anim. Sci. 2003, 77, 277–
286. 
47.  Klobasa, F.; Werhahn, E.; Butler, J.E. Composition of Sow Milk During 
Lactation. J. Anim. Sci. 1987, 64, 1458–1466. 
232 
 
48.  Craig, J.R.; Cottrell, J.J.; Wijesiriwardana, U.A.; Furness, J.B.; Dunshea, 
F.R.; Pluske, J. Gilt progeny have lower serum immunoglobulin G (IgG) 
concentrations than sow progeny, but not as a result of concentrations in 
colostrum and milk. In Proceedings of the 10th International Conference on 
Pig Reproduction, Columbia, MO, USA, 11–14 June 2017; p. 42. 
49.  Huser, J.S.; Kennett, T.E.; Plush, K.J.; Pitchford, W.S.; Lines, D.S. Neonatal 
split suckling has no impact on pre-and post-weaning piglet growth. Anim. 
Prod. Sci. 2015, 55, 1482. 
50.  Devillers, N.; Le Dividich, J.; Farmer, C.; Mounier, A.; Lefebvre, M.; 
Prunier, A. Origin and consequences of the variability of colostrum 
production by the sows and of its intake by the piglets. J. Rech. Porc. 2005, 
37, 435–442. 
51.  Hendrix, W.F.; Kelley, K.W.; Gaskins, C.T.; Hinrichs, D.J. Porcine neonatal 
survival and serum gamma globulins. J. Anim. Sci. 1978, 47, 1281–1286. 
52.  Rooke, J.A.; Bland, I.M. The acquisition of passive immunity in the new-
born piglet. Livest. Prod. Sci. 2002, 78, 13–23. 
53.  Trayhurn, P.; Temple, N.J.; Aerde, J.V. Evidence from immunoblotting 
studies on uncoupling protein that brown adipose tissue is not present in the 
domestic pig. Can. J. Physiol. Pharmacol. 1989, 67, 1480–1485. 
54.  Le Dividich, J.; Rooke, J.A.; Herpin, P. Nutritional and immunological 
importance of colostrum for the new-born pig. J. Agric. Sci. 2005, 143, 469–
485. 
55.  Speer, V.C.; Brown, H.; Quinn, L.; Catron, D.V. The Cessation of Antibody 
Absorption in the Young Pig. J. Immunol. 1959, 83, 632–634. 
233 
 
56.  Le Dividich, J.; Charneca, R.; Thomas, F. Relationship between birth order, 
birth weight, colostrum intake, acquisition of passive immunity and pre-
weaning mortality of piglets. Span. J. Agric. Res. 2017, 15, e0603. 
57.  Ferrari, C.V.; Sbardella, P.E.; Bernardi, M.L.; Coutinho, M.L.; Vaz Jr, I.S.; 
Wentz, I.; Bortolozzo, F.P. Effect of birth weight and colostrum intake on 
mortality and performance of piglets after cross-fostering in sows of different 
parities. Prev. Vet. Med. 2014, 114, 259–266. 
58.  Bandrick, M.; Ariza-Nieto, C.; Baidoo, S.K.; Molitor, T.W. Colostral 
antibody-mediated and cell-mediated immunity contributes to innate and 
antigen-specific immunity in piglets. Dev. Comp. Immunol. 2014, 43, 114–
120. 
59.  Rooke, J.A.; Carranca, C.; Bland, I.M.; Sinclair, A.G.; Ewen, M.; Bland, 
V.C.; Edwards, S.A. Relationships between passive absorption of 
immunoglobulin G by the piglet and plasma concentrations of 
immunoglobulin G at weaning. Livest. Prod. Sci. 2003, 81, 223–234. 
60.  Baas, T.J.; Christian, L.L.; Rothschild, M.F. Heterosis and recombination 
effects in Hampshire and Landrace swine: I. Maternal traits. J. Anim. Sci. 
1992, 70, 89–98. 
61.  Werhahn, E.; Klobasa, F.; Butler, J.E. Investigation of some factors which 
influence the absorption of IgG by the neonatal piglet. Vet. Immunol. 
Immunopathol. 1981, 2, 35–51. 
62.  Leong, W.S.; Navaratnam, N.; Stankiewicz, M.J.; Wallace, A.V.; Ward, S.; 
Kuhn, N.J. Subcellular compartmentation in the synthesis of the milk sugars 
lactose and α-2, 3-sialyllactose. Protoplasma 1990, 159, 144–156. 
234 
 
63.  Ngo, T.T.; Quiniou, N.; Heugebaert, S.; Paboeuf, F.; Dourmad, J.Y. Effect of 
parity and number of suckling piglets on milk production of sows. Journees 
Recherche Porcine 2012, 44, 195–196. 
64.  Zak, L.J.; Williams, I.H.; Foxcroft, G.R.; Pluske, J.R.; Cegielski, A.C.; 
Clowes, E.J.; Aherne, F.X. Feeding lactating primiparous sows to establish 
three divergent metabolic states: I. Associated endocrine changes and 
postweaning reproductive performance. J. Anim. Sci. 1998, 76, 1145–1153. 
65.  Clowes, E.J.; Williams, I.H.; Baracos, V.E.; Pluske, J.R.; Cegielski, A.C.; 
Zak, L.J.; Aherne, F.X. Feeding lactating primiparous sows to establish three 
divergent metabolic states: II. Effect on nitrogen partitioning and skeletal 
muscle composition. J. Anim. Sci. 1998, 76, 1154–1164. 
66.  Kemp, B.; Soede, N.M. Reproductive problems in primiparous sows. In 
Proceedings of the 18th IPVS Congress, Hoya, Germany, 27 June–1 July 
2004; pp. 843–848. 
67.  Hughes, P.E.; Smits, R.J.; Xie, Y.; Kirkwood, R.N. Relationships among gilt 
and sow live weight, P2 backfat depth, and culling rates. J. Swine Health 
Prod. 2010, 18, 301–305. 
68.  Hoving, L.L.; Soede, N.M.; Graat, E.A.M.; Feitsma, H.; Kemp, B. 
Reproductive performance of second parity sows: relations with subsequent 
reproduction. Livest. Sci. 2011, 140, 124–130. 
69.  Thaker, M.Y.C.; Bilkei, G. Lactation weight loss influences subsequent 
reproductive performance of sows. Anim. Reprod. Sci. 2005, 88, 309–318. 
70. Herpin, P.; Damon, M.; Le Dividich, J. Development of thermoregulation 
and neonatal survival in pigs. Livest. Prod. Sci. 2002, 78, 25–45. 
235 
 
71.  Mahan, D.C. Relationship of gestation protein and feed intake level over a 
five-parity period using a high-reproducing sow genotype. J. Anim. Sci. 
1998, 76, 533–541. 
72.  Perrin, D.R. 537. The composition of sow’s milk during the course of 
lactation. J. Dairy Res. 1954, 21, 55–62.  
  
237 
 
Chapter 7: A comparison of the anatomical and 
gastrointestinal functional development between gilt 
and sow progeny around birth and weaning† 
 
Jessica R. Craig1,2, Frank R. Dunshea3, Jeremy J. Cottrell3, John B. Furness3,4, Udani 
A. Wijesiriwardana3, and John R. Pluske1,5 
 
1Agricultural Sciences, College of Science, Health, Engineering and Education, 
Murdoch University, Murdoch, Western Australia, Australia. 
2Rivalea (Australia) Pty. Ltd., Corowa, New South Wales, Australia. 
3Faculty of Veterinary and Agricultural Sciences, The University of Melbourne, 
Parkville, Victoria, Australia. 
4Florey Institute for Neuroscience and Mental Health, Parkville, Victoria, Australia. 
5Australasian Pork Research Institute Ltd. (APRIL), Willaston, South Australia, 
Australia. 
 
Published in Journal of Animal Science (2019). 
Received: January 21, 2019; Accepted: June 21, 2019; Published online: July 2, 
2019 (doi: 10.1093/jas/skz217). 
 
†Aspects of this work have been published as: 
• Craig JR, Cottrell JJ, Wijesiriwardana UA, Furness JB, Dunshea FR and Pluske 
JR (2017) Gilt progeny have lower serum immunoglobulin G (IgG) 
concentrations than sow progeny, but not as a result of concentrations in 
238 
 
colostrum and milk. Proceedings of the 10th International Conference on Pig 
Reproduction. Columbia, MO. June 2017. 
• Craig JR, Dunshea FR, Cottrell JJ, Wijesiriwardana UA, Furness JB and Pluske 
JR (2018) Comparison of lactose digestive capacity in the small intestine 
between gilt and sow progeny around birth and weaning. Proceedings of the 14th 
International Symposium on Digestive Physiology of Pigs, Brisbane, Australia. 
August 2018. Abstract 411. 
 
Author contributions were as follows: Conceptualisation, methodology, data 
curation and formal analysis and investigation was performed by JR Craig with 
assistance from FR Dunshea, JJ Cottrell, JB Furness and JR Pluske; Funding 
acquisition and visualization were performed by FR Dunshea, JJ Cottrell and JR 
Pluske; Project administration was carried out by JR Craig with the assistance of FR 
Dunshea, JJ Cottrell and JR Pluske and resources were provided by all authors; JR 
Craig wrote the original draft and edited the final paper with reviews from FR 
Dunshea, JJ Cottrell, JB Furness, UA Wijesiriwardana and JR Pluske. 
  
239 
 
7.1 Abstract 
Gilt progeny (GP) often have restricted growth performance and health status 
in comparison to sow progeny (SP) from birth, with the underlying mechanisms 
responsible for this yet to be fully understood. The current study aimed to compare 
differences in growth and development between GP and SP in the first 24 h after 
birth and in the peri-weaning period. Two cohorts of pigs including 36 GP and 37 SP 
were euthanized at 1 of 4 timepoints: a birth cohort (at birth before suckling, 0 h; and 
24 h after birth, 24 h; n = 33) and a weaning cohort (at approximately 29 d of age; 
‘pre-weaning’, PrW; and 24 h after weaning; ‘post-weaning’, PoW; n = 40). Pigs 
were individually weighed at 0 h, 24 h, PrW and PoW up until the point of 
euthanasia, at which time the weights of selected tissues and organs were recorded 
and analyzed relative to BW. The length of the small intestine (SI), femur and body 
were also measured, and a serum sample was collected and analyzed for 
immunoglobulin G (IgG) concentration. Samples of jejunal and ileal mucosa were 
collected and analyzed for total protein and specific activity of lactase. Euthanized 
GP were lighter (P < 0.01) than SP at all timepoints. At all timepoints the ratios of 
quadriceps weight to femur length, BW to body length, spleen to BW (all P < 0.05) 
and SI weight to length (P < 0.10) were lower in GP than SP. There was no 
difference (P ≥ 0.05) in stomach or heart to BW ratios between GP and SP in either 
cohort. The brain to liver weight ratio was greater (P = 0.044) in GP than SP in the 
birth cohort, and the brain to BW ratio was greater (P < 0.01) in GP in both the birth 
and weaning cohorts. The liver to BW ratio was similar (P = 0.35) at birth but 
greater (P = 0.014) in GP around weaning. Total mucosal protein content in the 
jejunum and ileum was lower (P = 0.007) in GP at 24 h compared to SP, and 
specific activity of lactase was greater (P = 0.022) in GP in the birth cohort, whereas 
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there were no differences in the weaning cohort (P ≥ 0.10). Gilt progeny had lower 
(P < 0.001) serum IgG concentration compared to SP at 24 h, but there was no 
difference (P ≥ 0.10) in the weaning cohort. Collectively, these findings suggest that 
the early development of GP may be delayed compared to SP, and that a number of 
the anatomical differences between GP and SP that exist after birth are also present 
at weaning.  
7.2 Introduction 
On average, gilt progeny (GP) are born and wean lighter than sow progeny 
(SP; Carney-Hinkle et al., 2013; Craig et al., 2017a, b), which persists as slower 
growth to slaughter (Craig et al., 2017b). Light-for-age pigs are less likely to ingest 
colostrum and acquire sufficient maternal immunity for survival (Rooke and Bland, 
2002). This reduction in live weight in GP, along with compromised immune status 
of these animals (Klobasa et al., 1986; Carney-Hinkle et al., 2013), are thought to be 
the major contributors to higher mortality rates seen in GP before and after weaning 
(Miller et al., 2012b; Craig et al., 2017b). Reduction in the acquisition of maternal 
immunity in GP may be due to the lower immunity of the comparatively naïve 
primiparous dam (Klobasa et al., 1985). Alternatively, if primiparous sows have 
lower colostrum and milk yields, GP may have lower intakes (King, 2000; Quesnel, 
2011), and (or) GP may have reduced gastrointestinal tract (GIT) function resulting 
in limitation of their ability to absorb nutrients from colostrum and milk (Cottrell et 
al., 2017). To investigate possible mechanisms for these differences, this study 
examined anatomical and GIT functional development of GP and SP in the first 24 h 
after birth and during the peri-weaning period. It is in these critical stages where 
colostrum and milk ingestion is vital for survival (Rooke and Bland, 2002) and 
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where a number of stressors are known to affect physiological development of the 
piglet (Pluske et al., 1997; Dunshea, 2003; Baxter et al., 2008). It was hypothesized 
that, in addition to having slower rates of growth, GP would have reduced 
anatomical development of several organs and delays in early functional 
development of the GIT compared to SP around birth and weaning. 
7.3 Materials and Methods 
All experimental procedures were approved by both the Rivalea (Australia) 
Animal Care and Ethics Committee (protocol number 16P014) and the Murdoch 
University Animal Ethics Committee (protocol number N2847/16) in accordance 
with the Australian Code for the Care and Use of Animals for Scientific Purposes 
(National Health and Medical Research Council, 2013). 
7.3.1 Experimental Design 
The experiment was conducted under commercial conditions at a piggery in 
Corowa, New South Wales (Rivalea Australia Pty Ltd, Australia). Thirty six entire 
male and 37 female piglets born to 41 Large White x Landrace F1 sows (Primegro 
genetics, New South Wales, Australia) were selected for the experiment. This 
consisted of 36 piglets born to 16 primiparous (parity 1) sows and 37 born to 25 
multiparous sows (parities 3 and 4), with a minimum of 1 and a maximum of 4 
piglets sampled from each dam. In the birth cohort, total piglets born per pregnancy 
were 15.0 ± 2.1 and 12.8 ± 1.8 (mean ± SD) for primiparous and multiparous sows, 
respectively, and total piglets born alive were 13.9 ± 2.3 and 12.4 ± 1.6 for 
primiparous and multiparous sows, respectively. In the weaning cohort, these figures 
were 12.9 ± 3.7, 13.0 ± 3.3, 12.0 ± 3.4 and 11.8 ± 2.7 piglets, respectively. Piglets 
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were euthanized, tissue samples collected and morphological traits of various organs 
were measured (see Piglet Euthanasia and Gross Anatomical Measurements) either 
at birth (0 h), 24 h after birth (24 h), before weaning (‘pre-weaning’, at 
approximately 29 d of age; PrW) or 24 h after weaning (‘post-weaning’; PoW). Live 
weights of all pigs were measured at 0 h, 24 h, PrW and PoW for each pig up until 
the time of euthanasia. Two separate cohorts of piglets were used for the experiment, 
including a birth cohort (0 h and 24 h) and a weaning cohort (PrW and PoW). The 
experiment was performed over an intensive 2 wk period, with piglets in the weaning 
cohort born in March and piglets in the birth cohort born in April, such that piglets 
from both groups were euthanized in April, with both dam parity treatments and 
sexes represented within each cohort. 
 For the birth cohort of progeny (0 h and 24 h), dams were selected at 
parturition based on parity and the time of piglet birth was recorded. For the 0 h 
timepoint, piglets were opportunistically selected immediately after birth (within 1 h, 
before suckling), their birth weight (BWT) recorded, and immediately transported to 
an on-farm facility for euthanasia and dissection. For the 24 h timepoint, piglets were 
selected immediately after birth (within 1 h, before suckling), individually numbered 
with a marker, and BWT and time of day recorded before being returned to their 
farrowing pen to suckle. Exactly 24 h later, piglets were weighed again (24WT) and 
transported for euthanasia and dissection. Piglets were selected based on their 
representation of an average BWT piglet in that litter. 
 Within the weaning cohort of progeny (PrW and PoW), sows were 
selected for the experiment before farrowing based on parity. At farrowing, up to 6 
pigs per litter of average weight and conformation were weighed (BWT) and 
individually tagged. These pigs were then weighed again at 24 h after birth (24WT) 
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and left to suckle their birth dams throughout lactation. Piglets allocated for 
euthanasia at the PrW and PoW timepoints were then selected from these tagged 
piglets around the time of weaning (28.6 ± 0.1 d; mean ± SE), with PrW piglets 
weighed and euthanized before weaning (28.7 ± 0.2 d) and PoW piglets weighed and 
weaned (28.6 ± 0.2 d) from their dams, then weighed again and euthanized exactly 
24 h after weaning. The number of piglets in each cohort was balanced between dam 
parity treatment (gilt progeny, GP; or sow progeny, SP), timepoint (0 h; 24 h; PrW; 
or PoW) and sex, with 5 pigs per group allocated where possible depending on the 
timing of natural farrowings and availability of dissection facilities (Table 7.1). 
Piglets were all euthanized over a period of 11 d, with sampling time randomly 
based on availability of facilities and farrowing times, as timing of parturition was 
natural and not induced in experimental gilts and sows. 
 
  
    
 
2
4
4
 
Table 7.1 Number of animals (N) euthanized and number of observations for each parameter (n) within each dam parity (sow progeny, SP; or 
gilt progeny, GP), sex (male, M; or female, F), and timepoint. 
 n 
Dam parity SP 
 
GP 
Sex M F M F 
Timepoint1 0 h 24 h PrW PoW 0 h 24 h PrW PoW 0 h 24 h PrW PoW 0 h 24 h PrW PoW 
Total N 4 5 5 5 5 4 5 5 2 5 5 5 4 5 5 5 
Parameter                 
Piglet Liveweight                 
BW at 0 h 4 4 5 5 5 3 5 5 2 4 5 5 4 4 5 5 
BW at 24 h - 5 5 5 - 3 5 5 - 5 5 5 - 5 5 5 
24 h BW gain - 4 5 5 - 3 5 5 - 4 5 5 - 4 5 5 
BW at PrW - - 5 5 - - 5 5 - - 5 5 - - 5 5 
BW at PoW - - - 5 - - - 5 - - - 5 - - - 5 
Musculoskeletal                 
Quadriceps weight (QD) 4 5 4 4 5 3 5 5 2 4 5 4 4 5 5 4 
Femur length (FEM) 4 5 5 5 5 3 5 5 2 5 5 4 4 5 5 5 
QD:FEM 4 5 4 4 5 3 5 5 2 4 5 4 4 5 5 4 
Body length (BL) - - 5 5 - - 5 5 - - 5 5 - - 5 5 
BW:BL - - 5 5 - - 5 5 - - 5 5 - - 5 5 
Gastrointestinal Tract                 
Stomach weight (STOM) 3 5 5 5 5 3 5 5 1 4 5 5 4 5 5 5 
STOM:BW 3 5 5 5 5 3 5 5 1 4 5 5 4 5 5 5 
SI weight (SIWT)2 4 5 5 5 3 3 5 4 2 5 4 5 4 5 5 4 
SI length (SIL) 4 5 5 5 4 
 
 
 
 
3 
 
 
 
 
 4 4 2 5 4 
 
 
 
5 4 5 5 5 
    
 
2
4
5
 
 n 
Dam parity SP 
 
GP 
Sex M F M F 
Timepoint1 0 h 24 h PrW PoW 0 h 24 h PrW PoW 0 h 24 h PrW PoW 0 h 24 h PrW PoW 
SIWT:SIL 4 5 5 5 3 3 4 4 2 5 4 5 4 5 5 4 
Liver weight (LIV) 4 5 5 5 5 3 5 5 2 5 5 5 3 5 5 5 
LIV:BW 4 5 5 5 5 3 5 
 
 
 5 2 5 5 5 4 5 5 5 
Total protein per g SI mucosa3 8 10 10 10 10 8 10 10 4 7 9 10 8 10 10 8 
Specific lactase activity in SI3 8 10 10 10 10 8 10 10 4 7 9 10 8 10 10 8 
Other                 
Brain weight (BR) 4 5 5 5 5 3 5 5 2 5 4 5 4 5 5 5 
BR:LIV 4 5 5 5 5 3 5 5 2 5 4 5 3 5 5 5 
BR:BW 4 5 5 5 5 3 5 5 2 5 4 5 3 5 5 5 
Heart weight (HRT) 4 5 5 5 5 3 5 5 2 5 5 5 4 5 5 5 
HRT:BW 4 5 5 5 5 3 5 5 2 5 4 5 4 5 5 5 
Spleen weight (SPL) 4 5 5 5 5 3 5 4 2 4 5 5 4 5 5 5 
SPL:BW 4 5 5 5 5 3 5 4 2 4 5 5 4 5 5 5 
Serum IgG concentration 4 5 5 5 5 4 4 5 2 5 5 5 4 5 5 5 
1 Pigs were euthanized at 4 different timepoints within a birth cohort (at birth before suckling colostrum, 0 h; and at 24 h after birth, 24 h) and a weaning cohort (pre-weaning, 
approximately 29 d of age, PrW; and 24 h post-weaning, PoW). 
2 SI = small intestine (jejunum and ileum). 
3 Two samples (jejunum and ileum) per animal.
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7.3.2 Animal Management 
Sows were moved into the farrowing house approximately 8 d before their 
expected farrow date and housed in individual farrowing crates. Sows within the 
birth cohort farrowed over 3 farrowing sheds, while sows within the weaning cohort 
were all located within the 1 shed. Each farrowing crate was fitted with drinker 
nipples for both the sows and piglets, and a creep area fitted with a heat lamp. Piglets 
were tail docked and given 200 mg of Fe (Gleptosil; Champion Alstoe, Ontario, 
Canada) and 2 mL of a mycoplasma vaccine (RespiSure One; Zoetis, New South 
Wales, Australia) via i.m. injection 2 d after birth. All sows were fed a common 
gestation (averaging 12.9 MJ DE/kg; 12.8% CP; 0.5% standardized ileal digestible 
[SID] Lys; as-fed basis) and lactation (14.8 MJ DE/kg; 16.9% CP; 0.9% SID Lys) 
diet throughout the experiment. Piglets were not provided access to creep feed and 
were vaccinated against porcine circovirus type 2 (PCV2; Ingelvac CircoFLEX; 
Boehringer Ingelheim, New South Wales, Australia) approximately 1 wk before 
weaning. While minimal cross-fostering was practiced soon after parturition to 
standardize litters to 10 to 12 piglets, fostered piglets were not included in the 
experiment and experimental piglets were left to suckle their birth dam for the 
entirety of the suckling period up until weaning. Piglets euthanized at the PoW 
timepoint were weaned and housed until euthanasia in individual metabolism pens 
(0.5 m × 0.85 m) each fitted with a drinker nipple and a heat lamp shared between 
every 2 pens. These pigs were given ad libitum access to a commercial starter diet 
(averaging 14.5 MJ DE/kg; 17.4% CP; 1.3% SID Lys) during the 24 h post-weaning 
period. 
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7.3.3 Piglet Euthanasia and Gross Anatomical Measurements 
Pigs were initially sedated with an intraperitoneal (i.p.) injection of 17 mg/kg 
of BW of xylazine hydrochloride (Ilium Xylazil-100; Troy Laboratories Pty Ltd, 
New South Wales, Australia) before being administered an anaesthetic dose of 0.1 
mL/kg i.p. sodium pentobarbitone (Lethabarb; Virbac, New South Wales, Australia) 
and finally a lethal dose of 0.5 mL/kg intra-cardiac sodium pentobarbitone. Two 
separate doses of sodium pentobarbitone were administered to retrieve a blood 
sample via jugular venepuncture from each piglet before full euthanasia, and a 
cardiac blood sample was collected after euthanasia. All euthanasia procedures were 
carried out by a veterinarian. Blood samples were collected into vacuum tubes 
containing EDTA (BD Vacutainer, Macquarie Park NSW, Australia). Samples were 
then refrigerated and left to clot for a minimum of 2 h and then centrifuged at 3,000 
× g for 10 min at 4°C to obtain serum. Serum samples were then transferred to a 
separate tube and stored at -80°C until further analysis. 
A mid-line incision was made using a scalpel from the sternum to the pubis 
and the GIT, its accessory organs and selected muscles were gently removed. 
Absolute weights of major organs were recorded using a digital weigh scale, after 
being emptied of their contents and flushed with cold saline. Weights of the 
quadriceps muscle, stomach, small intestine (SI, excluding duodenum), liver, brain, 
heart and spleen were recorded. The brain was separated from the lower brain 
stem/upper spinal cord at the foramen magnum and absolute brain weight included 
the cerebellum, olfactory bulbs and the majority of the lower brain stem. The length 
of the SI (excluding the duodenum) and femur bone (excluding cartilage) were also 
measured. The jejunum and ileum of the SI from the duodenojejunal flexure to the 
ileocecal junction was removed and rinsed with cold 0.01M PBS (pH 7.2). 
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Approximately 5 cm sections of proximal jejunum and distal ileum from each 
terminal 15 cm of SI were collected and the mucosal layer scraped off using a ruler. 
Mucosa samples were flash-frozen in liquid nitrogen and stored at -80°C until 
further analysis. 
7.3.4 Biological Assays 
Cardiac serum samples were analysed for the birth cohort and jugular serum 
samples were analysed for the weaning cohort. As cardiac serum samples taken from 
the birth cohort showed a high amount of hemolysis, they were treated just before 
laboratory analysis to remove hemoglobin using a commercial product 
(Hemoglobind; Biotech Support Group, Monmouth Junction NJ, USA). As per the 
manufacturer’s instructions, 250 μL of Hemoglobind was added to 250 μL of 
hemolyzed serum, vortexed for 30 s before mixing via inversion for 10 min, and then 
centrifuged at 6,000 × g for 2 min at 4°C. Purified serum was then aspirated and 
assessed in duplicate for IgG concentration along with the jugular serum samples 
from the weaning cohort using a commercial ELISA kit (Bethyl Laboratories, 
Montgomery TX, USA). The intra-assay CV for the ELISA was 12.1% and the inter-
assay CV was 9.1%.  
 Scrapings of mucosa from the proximal jejunum and the distal ileum were 
also assayed for specific activity of lactase. Approximately 0.1 g of each frozen 
mucosal scraping was suspended in 1.5 mL of PBS and homogenized in a bench top 
homogenizer (FastPrep-24, MP Biomedicals, Seven Hills, New South Wales, 
Australia). Tubes were then centrifuged at 21,000 × g for 20 min at 4°C, and 
homogenates aspirated and refrozen at -20°C until analysis. The specific activity of 
lactase was measured by the liberation of glucose from lactose in the methods 
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previously described by Dudley et al. (1992; 1994). Homogenates were diluted 1:10 
with PBS and 600 mM lactose solution containing 0.13 mM p-
hydroxymercuribenzoate (PCMB; Sigma Aldrich, St Louis MO, USA) was added. 
After 60 min the reaction was stopped by the addition of 200 μL each of 1.8% 
Ba(OH)2 and 2% ZnSO4 and the amount of glucose liberated was measured using the 
Infinity Glucose Oxidase Liquid Stable Reagent (Thermo Fisher, Waltham MA, 
USA). For the final glucose assay the intra-assay CV was 1.5% and the inter-assay 
CV was 7.4%. The assay was performed in triplicate for each homogenized sample. 
Total protein was determined for each homogenate, with the sample further diluted 
1:10 in PBS using the Pierce BCA assay kit (Thermo Fisher, Waltham MA, USA). 
The intra- and inter-assay CVs for this assay were 1.9 and 7.6%, respectively. 
Specific lactase activity was normalized to protein and expressed as μmol of glucose 
liberated per min per g (μmol∙min-1∙g-1) of protein. 
7.3.5 Statistical Analysis 
Data were analyzed as a linear mixed model using the MIXED procedure of 
SPSS (IBM SPSS Version 21.0; IBM, Armonk, NY) with the individual piglet as the 
experimental unit and dam parity group (gilt progeny, GP vs. sow progeny, SP), 
timepoint (0 h vs. 24 h in the birth cohort; PrW vs. PoW in the weaning cohort) and 
piglet sex as fixed factors. Data from the birth and weaning cohorts were analyzed 
separately such that each model was a 2 × 2 × 2 factorial comparison, except in the 
case of measures at 24 h (birth cohort) and at PoW (weaning cohort), where a dam 
parity group × sex factorial comparison was carried out. Sex and any of its 
interactions were removed from the model if their effect was not significant (P < 
0.05) and not of primary interest to the hypothesis, using the backwards elimination 
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procedure (Field, 2013). Specific activity of lactase and total mucosal protein were 
also analyzed with intestinal section (jejunum vs. ileum) as an additional fixed 
factor, such that a 2 × 2 × 2 × 2 factorial arrangement was employed. All absolute 
tissue and organ weights were analyzed, as well as the relative weights of the 
stomach (STM:BW), liver (LIV:BW), brain (BR:BW), heart (HRT:BW) and spleen 
(SPL:BW), expressed relative to piglet BW. Additionally, quadriceps weight and 
femur length were expressed as a ratio (QD:FEM, g/cm), along with SI weight to 
length ratio (SIWT:SIL, g/cm), brain to liver weight ratio (BR:LIV, g/g) and BW to 
body length ratio (BW:BL, g/cm; weaning cohort only). 
Random effects (e.g. farrowing shed, litter, and day of euthanasia) did not 
have a significant effect (P ≥ 0.05) on any parameter studied and were therefore not 
included in the overall model. Between-treatment comparisons from significant 
interaction effects were carried out using simple effects analysis in SPSS syntax 
using the COMPARE function. The number of individual pig observations (n) for 
each trait after editing for outliers is represented in Table 7.1. Extreme outliers were 
removed if they were greater than 2 SD from the group mean and were deemed to 
not make aberrant data. A P value of < 0.05 was considered significant, and a P 
value of < 0.10 was considered a trend. Estimates are reported herein as least square 
mean (LSM) ± SEM. 
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7.4 Results 
The 3-way interaction of dam parity group × timepoint × sex was not 
significant (P ≥ 0.05) for any parameter in either cohort and was therefore excluded 
from all models. Sex and its interactions were only significant for SPL and SPL:BW 
in the weaning cohort (dam parity group × sex interaction; P = 0.036 and P = 0.038, 
respectively), and SIL and STOM:BW in the weaning cohort (main effect of sex; P 
= 0.045 and P = 0.049, respectively), and were otherwise removed from all other 
models. Only the timepoint × section interaction for specific lactase activity in the 
weaning cohort made a contribution to the model (P < 0.05), and therefore all other 
interactions involving SI section were removed from the analysis of total mucosal 
protein and specific lactase activity in the SI. The dam parity × timepoint interaction 
was only significant (P < 0.05) if stated herein but was left in the model regardless 
of whether it made a significant contribution or not. 
7.4.1 Piglet Liveweight and 24 h BW Gain  
In the birth cohort, BW was significantly lower in GP compared to SP at 0 h 
(1.20 ± 0.07 vs. 1.57 ± 0.06 kg, respectively; P < 0.001) and at 24 h (1.32 ± 0.07 vs. 
1.70 ± 0.08 kg, respectively; P = 0.004). In the weaning cohort, BW was not 
significantly different (P = 0.12) between GP and SP at 0 h (1.41 ± 0.06 vs. 1.55 ± 
0.06 kg; respectively), but GP tended (P = 0.099) to be lighter than SP at 24 h (1.51 
± 0.06 vs. 1.66 ± 0.06 kg, respectively) and pigs selected for the PrW timepoint were 
lighter than piglets selected for the PoW timepoint at 0 h (1.39 ± 0.06 vs. 1.56 ± 0.06 
kg, respectively; P = 0.060) and at 24 h (1.48 ± 0.06 vs. 1.70 ± 0.06 kg, respectively; 
P = 0.019). Gilt progeny were lighter than SP at PrW (7.54 ± 0.30 vs. 8.97 ± 0.30 
kg, respectively; P = 0.002) and PoW (6.95 ± 0.41 vs. 8.88 ± 0.41 kg, respectively; 
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P = 0.004). Average BW gain in the first 24 h was not different (P ≥ 0.10) between 
GP and SP in the birth cohort (115 ± 16 vs. 135 ± 17 g, respectively) or the weaning 
cohort (101 ± 18 vs. 115 ± 18 g, respectively). Pigs selected for the PrW timepoint 
tended (P = 0.057) to gain less weight in the first 24 h than pigs selected for the 
PoW timepoint (83 ± 18 vs. 133 ± 18 g, respectively). 
7.4.2 Musculoskeletal System 
Gilt progeny had a heavier (P = 0.007; Table 7.2) quadriceps muscle than SP 
in the birth cohort and in the weaning cohort (P = 0.006; Table 7.3). Femur length 
was not different between GP and SP in either the birth (P = 0.29; Table 7.2) or the 
weaning (P = 0.82; Table 7.3) cohorts. Gilt progeny had a lower QD:FEM than SP 
both in the birth cohort (0.83 ± 0.04 vs. 1.00 ± 0.03 g/cm, respectively; P = 0.002) 
and the weaning cohort (3.69 ± 0.19 vs. 4.48 ± 0.19 g/cm, respectively; P = 0.005). 
Body length was greater (P = 0.005) in SP than in GP in the weaning cohort and 
increased (P = 0.023) between PrW and PoW (Table 7.3). Values for BW:BL were 
greater (P = 0.010) in SP (0.141 ± 0.004 g/cm) than GP (0.126 ± 0.004 g/cm) and 
decreased (P = 0.037) from PrW to PoW (data not shown).  
7.4.3 Gastrointestinal Tract 
In the birth cohort, GP had lighter (P = 0.001) absolute stomach weights than 
SP (Table 7.2). However, there was no difference (P = 0.49) in STM:BW between 
GP and SP (Fig. 7.1A). Both absolute stomach weight (P < 0.001; Table 7.2) and 
STM:BW (P = 0.010; Fig. 7.1A) increased from 0 h to 24 h. The absolute SI weight 
of GP was similar (P = 0.10) to that of SP, and absolute SI weight increased 
substantially (P < 0.001) from 0 h to 24 h in both GP and SP (Table 7.2). There was 
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no difference (P = 0.28) in SI length between GP and SP in the birth cohort (Table 
7.2), which increased (P = 0.002) from 0 h to 24 h. Weight of the SI relative to the 
length (SIWT:SIL) tended to be greater (P = 0.059) in SP compared to GP (Fig. 
7.1B) and increased (P < 0.001) from 0 h to 24 h. There was no difference between 
GP and SP in terms of absolute liver weight (P = 0.23; Table 7.2) or LIV:BW (P = 
0.35; Fig. 7.1C) in the birth cohort. There was no effect (P ≥ 0.05) of timepoint on 
absolute or relative (LIV:BW) liver weight. There tended (P = 0.060) to be an 
interactive effect of dam parity × timepoint on total protein per g of mucosa in the SI 
in the birth cohort, being no different (P = 0.96) between GP and SP at 0 h, and 
lower (P = 0.007) in GP than in SP at 24 h (Fig. 7.2A). Gilt progeny had greater (P 
= 0.023) specific activity of lactase in the SI compared to SP, which was similar at 0 
h and 24 h (P = 0.11) and lower (P = 0.047) in the ileum compared to the jejunum 
(Fig. 7.2B). 
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Table 7.2 Least square means (± SE) from the linear mixed models’ analysis of 
absolute tissue and organ weights and other absolute organ dissection parameters for 
the birth cohort. 
 Factor1  
 SP GP P-value2 
Trait3 0 h 24 h 0 h 24 h D T 
Musculoskeletal 
Quadriceps, g 3.9 ± 0.2 4.2 ± 0.3 3.3 ± 0.3 3.3 ± 0.2 *** ns 
Femur length, cm 4.0 ± 0.1 4.0 ± 0.1 3.9 ± 0.1 4.0 ± 0.1 ns ns 
Stomach, g 7.6 ± 0.5 9.6 ± 0.5 5.5 ± 0.6 7.8 ± 0.5 *** *** 
Gastrointestinal Tract 
SI weight, g 41.8 ± 6.1 77.5 ± 5.7 40.3 ± 6.6 58.8 ± 5.1 ns *** 
SI length, m 3.62 ± 0.20 4.50 ± 0.20 3.59 ± 0.23 4.09 ± 0.18 ns *** 
Liver, g 50.3 ± 4.5 51.6 ± 4.7 45.9 ± 6.0 44.0 ± 4.2 ns ns 
Other 
Brain, g 31.7 ± 0.8 32.0 ± 0.9 32.6 ± 1.0 31.5 ± 0.8 ns ns 
Heart, g 10.4 ± 0.7 13.7 ± 0.7 8.9 ± 0.8 9.8 ± 0.6 *** *** 
Spleen, g 1.9 ± 0.2 2.8 ± 0.2 1.3 ± 0.2 1.9 ± 0.2 *** *** 
1 Analyzed as a 2 × 2 factorial treatment design (dam parity × timepoint; including the interaction 
term); sow progeny (SP) vs. gilt progeny (GP); at birth (0 h) vs. 24 h post-partum (24 h). 
2 P values for the main effects of dam parity (D) and timepoint (T) within the birth cohort; *** P < 
0.01; ** P < 0.05; * P < 0.10; and ns = not significant (P ≥ 0.10). The dam parity × timepoint 
interaction was not significant (P ≥ 0.05) for any model. 
3 SI = small intestine (jejunum and ileum). 
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Figure 7.1 Least square means (± SE) from the linear mixed model analysis of 
relative gastrointestinal tract (GIT) growth parameters for each dam parity treatment 
(gilt progeny, GP; sow progeny, SP) at each timepoint (birth, 0 h; 24 h after birth, 24 
h; weaning, at approximately 29 d of age; PrW; and 24 h after weaning, PoW), 
including stomach weight relative to body weight (STM:BW; A); weight of the 
small intestine relative to its length (SIWT:SIL; B); and liver weight relative to body 
weight (LIV:BW; C).  
P-values given are for the main effect of dam parity within that cohort (birth, 0 h and 24 h; weaning, 
PrW and PoW). 
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Figure 7.2 Least square means (± SE) from the linear mixed model analysis of total 
protein per g of mucosa (A) and specific lactase activity (SLA) per g of protein (B) 
in the proximal jejunum and distal ileum at each birth cohort timepoint (birth, 0 h; 
and 24 h after birth, 24 h).  
P-value given is the main effect of dam parity. 
 
In the weaning cohort, GP had lower (P = 0.045) absolute stomach weights 
than SP (Table 7.3). However, there was no difference (P = 0.13) in STM:BW 
between GP and SP (Fig. 7.1A). Both absolute stomach weight and STM:BW did 
not change (P ≥ 0.05) from PrW to PoW. In the weaning cohort, male pigs had a 
greater (P = 0.049) STM:BW than females (6.4 ± 0.2 vs. 5.9 ± 0.2 g/kg, 
respectively). Gilt progeny had lighter (P = 0.038) absolute SI weights in the 
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weaning cohort compared to that of SP (Table 7.3). Absolute SI weight decreased (P 
= 0.020) after weaning (Table 7.3). There was no difference (P = 0.57) in SI length 
between GP and SP in the weaning cohort and no change (P = 0.26) from PrW to 
PoW (Table 7.3). Weight of the SI relative to the length (SIWT:SIL) was greater (P 
= 0.019) in SP compared to GP and decreased (P < 0.001) from PrW to PoW (Fig. 
7.1B). Males had a greater SI length (P = 0.045) than females in the weaning cohort 
(9.7 ± 0.2 vs. 9.1 ± 0.2 m, respectively). There was no difference (P = 0.24) between 
GP and SP in terms of absolute liver weight in the weaning cohort (Table 7.3). 
However, GP had a greater (P = 0.014) LIV:BW than SP (Fig. 7.1C). There was no 
effect (P ≥ 0.05) of timepoint on absolute liver weight (Table 7.2) or LIV:BW (Fig. 
7.1C). There was no significant effect of dam parity (P = 0.23), timepoint (P = 
0.16), or section (P = 0.18) on total protein per g of mucosa in the SI in the weaning 
cohort (Fig. 7.3A). Specific activity of lactase was not different (P = 0.77) between 
GP and SP or between weaning cohort timepoints (P = 0.11), but it was significantly 
higher (P < 0.001) in the jejunum than in the ileum (Fig. 7.3B). 
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Table 7.3 Least square means (± SE) from the linear mixed models’ analysis of 
absolute tissue and organ weights and other absolute organ dissection parameters for 
the weaning cohort. 
 Factor1  
 SP GP P-value2 
Trait3 PrW PoW PrW PoW D T D×T 
Musculoskeletal 
Quadriceps, g 30.9 ± 1.9 29.7 ± 1.9 26.0 ±1.8 23.5 ± 2.0 *** ns ns 
Femur, cm 6.8 ± 0.1 6.8 ± 0.2 6.7 ± 0.1 6.8 ± 0.1 ns ns ns 
Body length, cm 59.6 ± 1.1 63.9 ± 1.1 58.1 ± 1.1 58.9 ± 1.1 *** ** ns 
Gastrointestinal Tract 
Stomach, g 50.9 ± 2.4 52.4 ± 2.4 48.1 ± 2.4 45.2 ± 2.4 ** ns ns 
SI weight, g 281.7 ± 14.3 244.8 ± 15.1 248.9 ± 15.3 213.1 ± 15.1 ** ** ns 
SI length, m 9.43 ± 0.30 9.51 ± 0.30 9.01 ± 0.30 9.59 ± 0.28 ns ns ns 
Liver, g 223.9 ± 11.4 223.7 ± 11.4 215.6 ± 11.4 204.9 ± 11.4 ns ns ns 
Other 
Brain, g 47.7 ± 1.3 52.8 ± 1.3 50.6 ± 1.4 52.5 ± 1.3 ns ** ns 
Heart, g 43.7 ± 2.4 50.6 ± 2.4 44.2 ± 2.4 39.9 ± 2.4 ** ns ** 
Spleen, g 41.6 ± 2.3 47.5 ± 2.4 32.9 ± 2.3 28.0 ± 2.3 *** ns ** 
1 Analyzed as a 2 × 2 × 2 factorial treatment design [dam parity × timepoint × sex; including 
interaction terms where significant (P < 0.05)]; sow progeny (SP) vs. gilt progeny (GP); pre-weaning 
(PrW) vs. post-weaning (PoW); male vs. female. 
2 P-values for the main effects of dam parity (D), timepoint (T) and their interaction (D×T) within the 
weaning cohort; *** P < 0.01; ** P < 0.05; * P < 0.10; and ns = not significant (P ≥ 0.10). 
3 SI = small intestine (jejunum and ileum). 
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Figure 7.3 Least square means (± SE) from the linear mixed model analysis of total 
protein per g of mucosa (A) and specific lactase activity (SLA) per g of protein (B) 
in the proximal jejunum and distal ileum at each weaning cohort timepoint (weaning, 
at approximately 29 d of age; PrW; and 24 h after weaning, PoW). 
P-value given is the main effect of dam parity. 
 
7.4.4 Other Organs 
There was no difference (P = 0.80) in absolute brain weight between GP and 
SP in the birth cohort (Table 7.2), although BR:BW was greater (P = 0.001) for GP 
compared to SP (Fig. 7.4A). The BR:LIV ratio was greater (P = 0.044) for GP than 
it was for SP (Fig. 7.4B). There was no change (P ≥ 0.05) in absolute brain weight 
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(Table 7.2), BR:BW (Fig. 7.4A) or BR:LIV (Fig. 7.4B) from 0 h to 24 h. There was 
a trend (P = 0.095) for a dam parity × timepoint interaction for absolute heart weight 
in the birth cohort, as there was a greater increase from 0 h to 24 h for SP (P = 
0.002) than there was for GP (P = 0.42; Table 7.2), with most of the difference 
between GP and SP present at 24 h (P < 0.001), and no difference (P = 0.18) at 0 h 
between the 2 groups (Table 7.2). The same was true for HRT:BW, except the 
interaction was significant (P = 0.003) in this model (Fig. 7.4C). There was a greater 
difference in HRT:BW at 24 h between GP and SP (P = 0.007) than there was at 0 h 
(P = 0.092), and there was a greater increase in HRT:BW from 0 h to 24 h in SP (P 
< 0.001) compared to GP (P = 0.54). Sow progeny had greater absolute spleen 
weights (P < 0.001; Table 7.2) and SPL:BW (P = 0.027; Fig. 7.4D) than GP in the 
birth cohort. Both absolute spleen weight (Table 7.2) and SPL:BW (Fig. 7.4D) 
increased (P < 0.001) from 0 h to 24 h.  
In the weaning cohort, there was no difference (P = 0.33) in absolute brain 
weight between GP and SP (Table 7.3) whilst BR:BW ratio was greater (P = 0.004) 
for GP compared to SP (Fig. 7.4A). Both absolute brain weight (P = 0.012; Table 
7.3) and BR:BW (P = 0.027; Fig. 7.4A) increased from PrW to PoW. There was no 
difference (P = 0.30) in BR:LIV between GP and SP, which tended (P = 0.054) to 
increase from PrW to PoW (Fig. 7.4B). The dam parity × timepoint interaction was 
significant (P = 0.027) for absolute heart weight, which was similar between PrW 
and PoW for GP (P = 0.22), and increased between PrW and PoW for SP (P = 
0.052; Table 7.2). The difference in absolute heart weight between GP and SP was 
seen mostly at PoW (P = 0.004) rather than at PrW (P = 0.88; Table 7.2). Gilt 
progeny had similar HRT:BW at PrW and PoW (P = 0.12; Fig. 7.4C) whereas 
HRT:BW increased from PrW to PoW in SP (P = 0.008; Fig. 7.4C).  
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The dam parity × sex interaction was significant for both absolute spleen 
weight (P = 0.036) and SPL:BW (P = 0.038), with the majority of the difference in 
GP and SP occurring in males for absolute spleen weight (27.6 ± 2.3 vs. 46.7 ± 2.3 g, 
respectively; P < 0.001) and SPL:BW (4.0 ± 0.3 vs. 5.5 ± 0.3 g/kg, respectively; P = 
0.001). Within the females, absolute spleen weight was lower (P = 0.009) in GP 
compared to SP (33.2 ± 2.3 vs. 42.3 ± 2.4 g, respectively) but SPL:BW was similar 
(4.3 ± 0.3 vs. 4.6 ± 0.3 g/kg, respectively; P = 0.48). In SP, females had a lower (P 
= 0.034) SPL:BW than males, but this difference was not shown in absolute spleen 
weight (P = 0.19) and there was no difference (P ≥ 0.05) in either parameter 
between sexes of GP. The dam parity × timepoint interaction was significant (P = 
0.024) for absolute spleen weight, with SP having higher (P = 0.010) weights than 
GP at PrW, and this difference was even greater (P < 0.001) at PoW (Table 7.3). 
Absolute spleen weight did not change from PrW to PoW in GP (P = 0.13), but 
increased slightly in SP (P = 0.082; Table 7.3). There was no effect (P = 0.80) of 
timepoint on SPL:BW (Fig. 7.4D). 
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Figure 7.4 Least square means (± SE) from the linear mixed model analysis of 
relative organ dissection parameters for each dam parity treatment (gilt progeny, GP; 
sow progeny, SP) at each timepoint (birth, 0 h; 24 h after birth, 24 h; weaning, at 
approximately 29 d of age; PrW; and 24 h after weaning, PoW), including brain 
weight relative to BW (BR:BW; A); brain to liver weight ratio (BR:LIV; B) heart 
(HRT:BW; C); and spleen weight relative to BW (SPL:BW; D).  
P-values given are for the main effect of dam parity within that cohort (birth, 0 h and 24 h; weaning, 
PrW and PoW). 
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7.4.5 Serum Immunoglobulin G 
In the birth cohort, the dam parity × timepoint interaction influenced (P = 
0.001) the piglet serum IgG concentration (Fig. 7.5), with no difference (P = 0.83) 
between GP and SP at 0 h, but significantly lower (P < 0.001) in GP at 24 h. Both 
GP and SP serum IgG concentrations increased (P < 0.001) from 0 h to 24 h. In the 
weaning cohort, there was no difference (P = 0.98) in serum IgG concentration 
between GP and SP, or between PrW and PoW (P = 0.20), and the dam parity × 
timepoint interaction was not significant (P = 0.12; Fig. 7.5). 
 
 
Figure 7.5 Least square means (± SE) from the linear mixed model analysis of piglet 
serum immunoglobulin G (IgG) concentration at each timepoint (birth, 0 h; 24 h 
after birth, 24 h; weaning, at approximately 29 d of age; PrW; and 24 h after 
weaning, PoW).  
P-values given are for the main effect of dam parity within that cohort (birth, 0 h and 24 h; weaning, 
PrW and PoW). 
 
0
10
20
30
40
50
60
70
0 h 24 h PrW PoW
Ig
G
 c
o
n
ce
n
tr
a
ti
o
n
, 
m
g
/m
L
Timepoint
SP GP
P = 0.002 P = 0.96
  264  
 
7.5 Discussion 
Gilt progeny are generally born lighter and suffer inferior performance to SP 
throughout the production cycle, with increased mortality and reduced growth rates 
(Holyoake, 2006; Miller et al., 2012b; Craig et al., 2017b). The findings from this 
study offer a preliminary look at the underlying mechanisms behind differences 
between GP and SP, which are generally believed to be due to factors such as 
inferior colostrum and milk production, intake and composition (Inoue et al., 1980; 
Klobasa and Butler, 1987; King, 2000), as well as differences in the ability to digest 
and (or) absorb specific components of colostrum and (or) milk in the GIT (Cottrell 
et al., 2017). The results of the current experiment confirm that GP are born and 
weaned lighter than SP, and may suggest that they suffer poorer acquisition of 
maternal immunity and delays in development of the GIT and skeletal muscle in 
utero and soon after birth, and around weaning. Unfortunately, due to constraints of 
time, resources, pig production flows, and due to the fact that euthanasia was the 
endpoint of sampling for the current experiment, the sample size was limited and 
confined to 2 completely separate cohorts of animals, hence results are of a 
preliminary nature and should therefore be interpreted as such. 
In early gestation, development of the nervous system and skeleton are 
prioritized (McMeekan, 1940; Hammond, 1944). Discrepancies were found in the 
current study between GP and SP in weights of organs of body systems developed 
later in gestation, such as those of the GIT and of skeletal muscle, reflected in the 
lower absolute and relative weights of these tissues at birth (e.g. SI, stomach, spleen 
and quadriceps muscle). In particular, GP having greater BR:LIV and BR:BW ratios 
compared to SP at birth may be as a result of development of the nervous system 
earlier in gestation, and (or) because of fetal mechanisms in place to protect the 
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development of the brain relative to some other tissues such as the skeletal muscle 
and organs of the GIT (i.e. the liver). This was supported by lower QD weight (both 
absolute and relative to femur length) in GP compared to SP at all timepoints in the 
current study. Femur length was highly conserved between animals at every age 
studied, which is in agreement with Liu et al. (1999), and was not different between 
SP and GP, suggesting skeletal growth was comparable between the 2 groups. Da 
Silva et al. (2013) found absolute semitendinosus muscle weight and area was lower 
in GP at birth compared to progeny born to multiparous sows of parity 3 and 4, and 
related this to the energy demands of GP being unmet during late gestation.  
These asymmetrical growth patterns are often seen during intrauterine growth 
restriction (IUGR), often observed in ‘runt’ piglets from large litters that are born 
light as a result of uterine crowding (Bauer et al., 1998; Town et al., 2004). Because 
fat deposition in utero is part of the last fetal growth phase (Hammond, 1944), fetal 
growth restriction in GP may result in lesser fat stores at birth for thermoregulation, 
which are already inadequate in newborn pigs (Herpin et al., 2002). This would also 
be impacted by a greater surface area to volume ratio (SA:V) in GP, which is 
suggested by their lower BWT compared to SP, and may increase heat loss and 
compromise their thermoregulatory ability. In the present study, GP had a lower 
BW:BL ratio in the weaning cohort, calculated in a similar way to body mass index 
(BMI), which has been shown to be a good predictor of pre- and post-weaning 
performance in newborn piglets (Douglas et al., 2016; Huting et al., 2018). If uterine 
space is restricted in late gestation in gilts, focused management strategies in mid-to-
late gestation to increase the BWT of GP may be in vain. In the experimental herd in 
the current study, primiparous sows are given a lower feed allowance than 
multiparous sows during gestation based on recommended gestation requirements 
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(NRC, 2012), and it must be kept in mind that this may have impacted the 
development of GP compared to that of SP. However, when additional nutrients are 
supplied to primiparous sows, they generally direct these towards their own growth 
rather than that of the fetus (Clowes et al., 1998; Pluske et al., 1998; Zak et al., 
1998).  
Previous findings (Edwards et al., 2013), along with the current study, show 
that GP have a lower weight per unit length of SI in comparison to SP. In the current 
study, the SI grew rapidly in terms of weight, length and weight per unit length in 
the first 24 h after birth, as has been shown previously in response to intake of 
colostrum (Widdowson et al., 1976; Burrin et al., 1992; Xu, 1996). This likely 
occurs due to an increase in intestinal cell number and size, as well as uptake of IgG 
and other macromolecules into enterocytes (Werhahn et al., 1981). Furthermore, in 
our previous experiment, we have shown that colostrum composition between 
primiparous and multiparous sows is largely similar in terms of IgG and 
macronutrient concentrations (Craig et al., 2019). Data from the present study 
therefore points towards GP being restricted in their ability to obtain and digest 
colostrum in the first 24 h of life. The lower SIW:SIL and total jejunal and ileal 
protein per g of mucosa in GP compared to SP may indicate there is a reduction in 
the uptake of these proteins from colostrum possibly due to compromised 
development of the GIT, and ultimately affecting the capacity to absorb nutrients and 
components for the development of immunity.  
Lower relative spleen weights in GP progeny in both the birth and weaning 
cohort may indicate that their capacity to synthesize and store blood cells is 
compromised. Consequently, this may impact their ability to resolve infection 
around these challenge periods. Gilt progeny have been reported to suffer higher 
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rates of mortality than SP, especially around weaning (Holyoake, 2006; Edwards et 
al., 2013; Craig et al., 2017b), thought due to impaired acquisition of maternal 
immunity from colostrum. This is supported by the finding that GP had lower serum 
IgG concentrations than SP at 24 h in the current study. However, other studies 
investigating the difference between IgG levels in colostrum and milk of gilts and 
sows and in the serum of their progeny are conflicting (Klobasa and Butler, 1987; 
Cabrera et al., 2012; Miller et al., 2012a; Kielland et al., 2015) in comparison to our 
study (Craig et al., 2019). It must also be noted that blood was sampled from 2 
different regions (cardiac vs. jugular) between cohorts in the current study, which 
may have impacted the serum IgG results. Differences in splenic growth and poorer 
acquisition of IgG in these early periods between GP and SP may favor the 
hypothesis that GP are less able to mount an immune response to infection, such as 
to a lipopolysaccharide (LPS) endotoxic challenge, but this requires further 
investigation. Further, it may be speculated that greater relative liver weights in GP 
may be a sign of an increase in absorption of endotoxin due to compromised 
intestinal development causing a more permeable epithelium in these pigs (Cottrell 
et al., 2017), but again this requires further elucidation. 
The fact that a number of these differences were also seen, and often 
exaggerated, in the weaning cohort (e.g. BR:BW, QD:FEM, BW:BL, SIW:SIL, 
LIV:BW, etc.), may be a further indication that GP do not exhibit compensatory 
organ growth before weaning and suffer a cumulative long-term disadvantage from 
being born lighter than SP and immunocompromised early in life. This is 
unsurprising given the relative impacts of lighter BWT of GP on their weaning 
weight and later performance (Craig et al., 2017b), but further implies that GP may 
be unable to optimally convert nutrients to carcass growth later in the grower-
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finisher period. A lower milk lactose concentration at d 21 of lactation in gilts 
compared to multiparous sows (Craig et al., 2019) may indicate that gilts cannot 
maintain the metabolic demands of late lactation, and that their milk production is 
inadequate for effective growth of their progeny to weaning. This concurs with the 
finding that a number of vital organs remained underdeveloped in GP in comparison 
with SP in the weaning cohort. This further highlights the need for energy and 
nutrient supplementation, for example through creep feed, milk replacers and (or) 
energy supplements, for GP closer to weaning. 
Absolute spleen and heart weights showed opposing trends in the first 24 h 
after weaning between parity groups, decreasing in GP after weaning, whereas heart 
and spleen weights increased in SP after weaning. This may indicate that GP are 
relatively unable to adapt to weaning stress and may reflect poorer cardiovascular 
health and (or) a reduction in red blood cell production in these animals. There was 
no creep feed supplied in the current study, and it would be of interest to determine if 
these negative weaning stressors may be negated by exposure to creep feed before 
weaning. Further research in this area is warranted.  
Higher specific activity of lactase in the brush border membrane of GP 
compared to SP at 24 h in the current study was surprising, and it is unclear from 
these findings what the cause or implications of this may be, and due to the small 
sample size in our study this phenomenon needs to be confirmed with future studies. 
These findings are in contrast to that of Huygelen et al. (2015), who found no 
difference in enzyme activities at birth between low and normal birth weight piglets. 
Regardless, up-regulation of the activity of lactase at birth may not result in 
improvements in glucose metabolism in GP unless glucose uptake by the enterocyte 
is simultaneously up-regulated (Buddington, 2002). It seems from differences in SI 
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weight to length ratios that the intestinal cells of GP are growing at a slower rate to 
that of SP in the first 24 h of life and we therefore may speculate that brush border 
glucose metabolism is less efficient in these animals. No differences in specific 
lactase activity were found between GP and SP in the weaning cohort, where the 
efficiency of milk carbohydrate digestion may be more imperative in determining the 
piglets’ propensity for growth (Le Huërou-Luron, 2002), especially given that levels 
of lactose in milk from gilts were found to be lower than in milk from multiparous 
sows by this stage (Craig et al., 2019). Specific activities of disaccharidases alone are 
often thought inadequate as indicators of digestive capacity (Shields et al., 1980; 
Kelly et al., 1991) and it was unfortunate that whole mucosal weights or histological 
sections were unable to be taken in the current study. Another possible speculation is 
that greater specific lactase activity of GP in the birth cohort may be indicative of a 
longer, finger-like villus in the SI of GP compared to SP, as the majority of lactase 
activity is observed at the villous apex (Tsuboi et al., 1981; 1985). Further 
histological studies are required in addition to this preliminary data to investigate 
early development of the GIT barrier structure and function in GP compared to SP.  
In conclusion, the findings from this study suggest that the development of a 
number of organs in late gestation – in particular those of the GIT and the skeletal 
muscle – may be compromised in GP in comparison to SP, culminating in 
differences at birth and persisting until weaning. To identify the best way to manage 
GP to maximise their performance, it is important to further investigate these 
physiological differences between GP and SP in future studies. While it may be 
important to focus management strategies towards improving fetal development of 
GP in late gestation, the success of such strategies depends on the gilts’ capacity to 
supply uterine space, and direct additional nutrients towards the placenta to ensure 
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improvements in the growth of her progeny in utero. Management strategies targeted 
towards growth of GP in lactation, with consideration for their poorer GIT 
development and acquisition of maternal immunity (in comparison to SP) may 
therefore be more successful. 
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gestation and lactation improves pre-weaning survival 
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8.1 Simple Summary 
A number of feeding strategies have been used in attempts to improve 
performance of progeny born to primiparous sows, which are born lighter, grow 
slower, and have higher rates of mortality than progeny born to older sows. The 
current study examined whether feeding conjugated linoleic acid (CLA) or a 
commercial medium-chain fatty acid (MCFA) product alone or in combination to 
primiparous and multiparous sows improved pre-weaning growth and survival of 
their progeny. Feeding CLA or MCFA failed to improve reproductive performance 
of primiparous or multiparous sows or the performance of their progeny during 
lactation, and there was no added benefit of feeding these products for gilt progeny. 
However, feeding CLA alone improved the survival of gilt and sow progeny. Further 
examination of the different inclusion levels and the timing of CLA feeding may be 
required in order for the use of this additive to be more efficacious. 
8.2 Abstract 
Feeding conjugated linoleic acid (CLA) or medium-chain fatty acids 
(MCFA) to dams has been shown to improve progeny growth and survival, and 
hence may be particularly advantageous to gilt progeny. Primiparous (n = 129) and 
multiparous sows (n = 123; parities 3 and 4) were fed one of four diets from day 107 
of gestation (107.3 ± 0.1 days) until weaning (day 27.2 ± 0.1 of lactation): (i) control 
diet; (ii) 0.5% CLA diet; (iii) 0.1% MCFA diet; and (iv) equal parts of (ii) and (iii). 
Progeny performance data were collected and, from a subset of sows (n = 78) and 
their piglets (n = 144), a colostrum (day 0), milk (day 21), and piglet serum sample 
(day 3) were analyzed for immunoglobulin G and several selected metabolites. 
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Liveborn pre-weaning mortality tended to be lowest (p = 0.051) in piglets from sows 
fed 0.5% CLA. However, sows fed the CLA diet had more (p = 0.005) stillbirths 
than those on the other diets. There were few effects of diet or the dam parity x diet 
interaction (p ≥ 0.05) on other parameters. Overall, feeding CLA or MCFA did not 
improve the performance of primiparous sows, multiparous sows, or their progeny. 
8.3 Introduction 
Feeding higher levels of lipids during late gestation and lactation may be an 
effective way to improve growth of suckling pigs through increasing energy 
available in colostrum and milk [1–3]. Conjugated linoleic acid (CLA) refers to a 
group of positional and geometrical isomers of linoleic acid (18:2) that, when fed to 
the dam in late gestation and (or) lactation, has been shown to alter the fatty acid 
(FA) profiles of colostrum and milk [4–6] and improve the growth performance of 
progeny [6–9]. Additionally, piglets born to sows fed CLA have shown improved 
circulating immunoglobulin G (IgG) concentrations, suggesting a role of CLA for 
improved passive immunity [4,8,10]. Medium-chain fatty acids (MCFA) are FA that 
contain six to twelve carbon atoms, possess antibacterial properties, improve 
intestinal integrity, and can be used as an efficient energy source by enterocytes [11]. 
Gilt progeny are born lighter [12,13] and may be compromised in terms of passive 
immunity [14,15] compared to progeny born to multiparous sows. Therefore, feeding 
CLA or MCFA to primiparous sows might offer improved trans-placental energy 
transfer and manipulate colostrum and (or) milk nutrient levels in order to improve 
the pre-weaning performance and survival of gilt progeny.  
Therefore, the aim of the current experiment was to assess the effect of 
feeding CLA and MCFA, alone or in combination, in late gestation and lactation to 
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primiparous and multiparous sows on the growth and survival of their progeny. We 
hypothesized that gilt progeny would benefit further from this feeding strategy due to 
their lower birth weights and reduced absorption of IgG from colostrum in 
comparison to sow progeny, with improvements in pre-weaning survival due to 
increased energy stores around birth and higher concentrations of IgG in colostrum 
and milk, resulting in improved immunity. 
8.4 Materials and Methods 
8.4.1 Ethics Statement 
Experimental procedures were approved by both the Rivalea (Australia) 
Animal Care and Ethics Committee (protocol number 16P044) and the Murdoch 
University Animal Ethics Committee (protocol number NS2920/17) according to the 
Australian Code for the Care and Use of Animals for Scientific Purposes [16]. 
8.4.2 Experimental Design  
A total of 252 first-cross dams (PrimeGroTM, Corowa NSW, Australia) were 
included in the experiment, including 129 primiparous (parity 1) and 123 
multiparous sows (parities 3 and 4). Sows were assigned to one of four dietary 
treatments (Table 8.1), fed from day 107 of gestation (107.3 ± 0.1 days; mean ± SE) 
and throughout lactation until weaning (27.2 ± 0.1 days of age). Diets consisted of 
different sources of dietary lipid: (i) 6% tallow, predominantly ruminant (control; 
CON); (ii) a CLA diet consisting of 2.5% tallow replaced with a commercial CLA 
product (Lutrell®Pure; BASF, Southbank Vic, Australia; the product contained 20% 
CLA isomers comprised of 10% c9,t11-18:2 and 10% t10,c12-18:2); (iii) a MCFA 
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diet consisting of 0.1% tallow replaced with a commercial MCFA product 
(Aromabiotic®Pig; Nuscience, Drongen, Belgium; comprised of 28.1% acetic acid, 
0.9% valeric acid, 0.9% caproic acid, 0.4% caprylic acid, 18.5% capric acid, and 
16.5% lauric acid); and (iv) a combination (BOTH) that was delivered to sows as 
equal parts of the CLA and MCFA diets (by weight) such that sows received 0.25% 
CLA isomers and 0.025% MCFA product in their diet ration in the place of tallow. 
The diets were all formulated to be isoenergetic and isonitrogenous, and the analyzed 
composition of the final diets is shown in Table 8.2.  
Total feed intake was recorded for each sow from farrowing until weaning, 
and the average daily feed intake (ADFI) in this period was calculated. Dam body 
weight (BW) and backfat depth measured ultrasonically at the P2 site (6.5 cm from 
the midline over the last rib) were recorded at entry to the farrowing house. Within 
24 h of birth, all live piglets were individually weighed and given a numbered ear tag 
prior to fostering. Date of birth, number of piglets born alive (NBA), number of 
stillbirths (SB), number of mummified fetuses (MU), and total piglets born (TB) 
were recorded for each litter. Piglets were then individually weighed again at day 21 
of lactation, and the average daily gain (ADG) in this period for each piglet was 
calculated. All liveborn piglet mortalities were recorded from birth until weaning, 
and the number of piglets weaned (NW) was recorded for each litter. 
Dam BW and P2 backfat depth were measured again at weaning, and 
individual BW and P2 backfat changes were calculated. The date and outcome of the 
subsequent mating and the associated weaning-to-estrus interval (WEI) and gestation 
length were recorded from the commercial herd data recording system as well as 
NBA and NW in the subsequent litter. 
  
  285  
 
Table 8.1 Composition of experimental diets fed in late gestation and lactation. 
 Diet 1 
Diet Composition CON CLA MCFA 
Ingredient (%)    
Wheat 52.6 52.6 52.6 
Barley 20 20 20 
Canola meal 36% 10 10 10 
Soybean meal 47% 2.5 2.5 2.5 
Meat meal 60% 5 5 5 
Fish oil 0.4 0.4 0.4 
Tallow 6 3.5 5.9 
Conjugated linoleic acid 2  2.5  
Medium-chain fatty acids 3   0.1 
Betaine 0.4 0.4 0.4 
Limestone 1.1 1.1 1.1 
Magnesium sulfate 0.4 0.4 0.4 
Potassium chloride 0.2 0.2 0.2 
Salt 0.4 0.4 0.4 
Lysine 0.4 0.4 0.4 
Threonine 0.1 0.1 0.1 
DL-Methionine 0.02 0.02 0.02 
Vitamin blend 4 0.13 0.13 0.13 
Mineral blend 5 0.25 0.25 0.25 
Antioxidants 6 0.02 0.02 0.02 
Feed acidifier 7 0.3 0.3 0.3 
Enzyme 8 0.05 0.05 0.05 
Calculated composition (DM basis) 9    
Energy (MJ DE/kg) 14.8 14.8 14.7 
Crude protein (%) 17.0 17.0 17.0 
Crude fat (%) 8.0 8.0 7.9 
Crude fiber (%) 3.8 3.8 3.8 
Ash (%) 5.6 5.6 5.6 
Available SID lysine (%) 0.85 0.85 0.85 
CON = control diet; CLA = conjugated linoleic acid diet; DE = digestible energy; DM = dry matter; 
MCFA = medium-chain fatty acid diet; SID = standardized ileal digestible.  
1 Diets were fed from day 107 of gestation (107.3 ± 0.1 days; mean ± SE) until weaning (27.2 ± 0.1 
days of lactation). A fourth diet, BOTH, was fed during the experiment which consisted of 50% CLA 
diet and 50% MCFA by weight.  
2 Commercial 20% CLA product (Lutrell®Pure, BASF Australia, Southbank, Victoria) consisting of 
10% c9,t11-18:2 and 10% t10,c12-18:2.  
3 Commercial MCFA product (Aromabiotic®Pig, Nuscience, Drongen, Belgium) consisting of 28.1% 
acetic acid, 0.9% valeric acid, 0.9% caproic acid, 0.4% caprylic acid, 18.5% capric acid, 16.5% lauric 
acid (DM basis).  
4 Supplied per kg of diet: vitamin A, 15000 IU; vitamin D3, 3200 IU; vitamin K, 1 mg; vitamin B-1, 
1.5 mg; vitamin B-2, 5 mg; vitamin B-6, 3 mg; vitamin B-12, 135 µg; niacin, 20 mg; pantothenic 
acid, 15 mg, folic acid, 20 mg; vitamin C, 100 mg; biotin, 200 µg; Vitamin E, 90 mg.  
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5 Supplied per kg of diet: Cu 10 mg; Mn 40 mg; Zn 70 mg; Fe 100 mg; I 2.5 mg; Se 0.4 mg; Cr 500 
µg, as organic trace minerals.  
6 EndoxTM Dry (Kemin Industries, Des Moines, Iowa, USA).  
7 Fysal®Feed (Trouw Nutrition, Nutreco, Amersfoort, Netherlands).  
8 Rovabio® Max (Adisseo, Antony, France). 
9 All diets had identical calculated compositions of Ca, P, and essential amino acids. 
 
 
Table 8.2 Analyzed composition (dry matter basis) of experimental diets fed in late 
gestation and lactation. 
Chemical Composition 
Diet 
CON CLA MCFA 
Crude protein (%) 16.4 16.3 17.0 
Crude fat (%) 8.8 8.1 9.4 
Moisture (%) 9.5 9.7 9.3 
Fatty acids (g/100 g total fatty acids) 
C8:0 ND ND 0.31 
C9:0 ND 0.03 ND 
C10:0 ND 0.30 0.82 
C11:0 0.06 0.07 0.06 
C12:0 0.13 0.14 0.29 
C16:0 16.6 21.1 23.5 
C16:1n-7 1.7 1.8 2.4 
C18:0 8.2 19.8 13.4 
C18:1n-9 35.0 25.5 28.7 
C18:2n-6 21.1 16.7 16.3 
C18:3n-3 3.6 1.7 1.8 
c9,t11 CLA 0.1 1.1 0.1 
t10,c12 CLA ND 1.0 0.1 
ΣSFA 28.6 45.5 42.8 
ΣMUFA 43.3 29.6 33.5 
CON = control diet; CLA = conjugated linoleic acid diet; MCFA = medium-chain fatty acid diet; ND 
= not detected; ΣSFA = sum of total saturated fatty acids; ΣMUFA = sum of total monounsaturated 
fatty acids. 
 
8.4.3 Animal Management 
The experiment was carried out under commercial conditions at a large 
piggery in Corowa, New South Wales, Australia (Rivalea Australia Pty. Ltd.). 
Primiparous and multiparous sows were group-housed separately in groups of 40 
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(approximately 2 m2/pig) from mating and fed a common gestation diet [averaging 
13.1 MJ DE/kg, 12.8% CP, 0.5% available standardized ileal digestible (SID) Lys, 
as fed basis] through to entry to the farrowing house at approximately day 104 
(103.9 ± 2.2 days) of gestation. During this period, animals were fed different 
allowances in early (weeks 1 to 5; 2.4 kg/d and 2.7 kg/d for primiparous and 
multiparous sows, respectively), mid (weeks 6 to 13; 2.0 kg/d and 2.2 kg/d, 
respectively), and late gestation (weeks 14 until entry to the farrowing house; 2.2 
kg/d and 2.4 kg/d, respectively). Sows were fed the control (CON) diet regardless of 
their experimental treatment from entry to the farrowing house until day 107 of 
gestation. Experimental diets were fed from day 107 of gestation. Sows were given 
an allowance of 2.5 kg/d from entry to the farrowing house until farrowing, 2.5 kg on 
the day of farrowing, 3 kg on the first day after farrowing, a maximum of 4 kg on the 
second day and ad libitum access thereafter until weaning. Cross-fostering was 
carried out 24 hours after farrowing as per commercial procedures to standardize 
litters to approximately 10 to 12 piglets depending on the number of functional 
mammary glands. Piglets were fostered within dietary and parity treatments 
wherever possible. 
8.4.4 Sample Collection  
Colostrum samples (approximately 5–10 mL) were manually collected at 
parturition (within 1 hour of the birth of the first piglet) without the use of oxytocin 
from a subset of sows that farrowed during the day and could therefore be observed 
at farrowing (“focal sows”, n = 78). Milk samples were manually collected on day 
21 of lactation after injection of 1 mL (10 IU) of subcutaneous oxytocin (intra-
vulval; Ilium Syntocin®, Troy Laboratories, Glendenning NSW, Australia). 
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Colostrum and milk samples were pooled from the first three anterior glands on 
either side of the udder. Samples were stored immediately at −20 °C until further 
analysis. Prior to IgG, protein, and lactose analysis, colostrum and milk samples 
were defatted by centrifuging at 21,000 × g for 20 min at 4 °C. Due to commercial 
restraints, piglets were unable to be separated from their dams before blood sample 
collection. Individual blood samples (approximately 1 mL) were collected into 
Vacutainer® tubes (BD Australia, North Ryde NSW, Australia) from two piglets per 
focal sow litter (one male and one female, n = 144) via jugular venepuncture 3 days 
after farrowing. Samples were then left to clot for at least 3 h, centrifuged at 6000 × 
g for 5 min, serum aspirated, and stored at −20 °C until further analysis. 
8.4.5 Colostrum and Milk Analysis  
Colostrum and milk samples were analyzed for total fat, protein, and lactose, 
from which a final value for total net energy (NE) of milk was calculated using the 
equation derived by Hansen et al. [17]:  
NE (MJ/kg) = 0.389 × Fat (%) + 0.239 × Protein (%) + 0.165 × Lactose (%). 
Total NE content of colostrum was derived using the same equation without 
the value for protein as per the suggestion of Theil et al. [18] that >90% of protein in 
colostrum is in the form of immunoglobulins, which are not used for energy by the 
pig per se. Total fat concentration in each whole colostrum and milk sample was 
measured using a modified version of the method described by Forcato et al. [19]. A 
pooled colostrum sample collected previously from a number of sows and with a 
known crude fat concentration determined by Soxhlet extraction [20] at the NSW 
Department of Primary Industries (Wagga Wagga NSW, Australia) was used to form 
a standard curve. Sixty µL of sample was added to 3 mL of chilled ethanol (Ajax 
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Finechem; Thermo Fisher Scientific, Scoresby Vic, Australia), shaken, and then 
frozen at −20 °C for 1 h. The solution was then centrifuged at 13,000 × g for 15 min 
at 4 °C, after which 200 µL of the supernatant was added in duplicate to a 96 well 
UV compatible assay plate (UV-Star®Microplate, Grenier Bio-One; Interpath 
Services Pty. Ltd., Heidelberg West Vic, Australia) after being left to reach room 
temperature. The absorbance was then read at 208 nm on a plate reader (Spark®; 
Tecan Group Ltd. Männedorf, Switzerland). The intra- and inter-assay coefficients 
of variation (CV) for the assay were 1.9% and 10.0%, respectively. 
Total protein concentration was measured using the PierceTM BCA Protein 
Assay Kit (Thermo Fisher Scientific, Scoresby Vic, Australia) after dilution of 
standards and samples in 2% sodium dodecyl sulfate (SDS; Invitrogen Life 
Technologies, Thermo Fisher Scientific, Scoresby Vic, Australia) to remove any 
lipid interference, as described by Geale [21]. Intra- and inter-assay CVs were 2.3% 
and 5.8%, respectively. Total IgG concentration was determined using a commercial 
ELISA kit with assays performed in singlicate (Bethyl Laboratories, Montgomery 
TX, USA; 1.6% inter-assay CV), and total lactose concentration was analyzed using 
a commercial colorimetric assay kit with assays performed in singlicate (BioVision; 
Sapphire Bioscience, Redfern NSW, Australia; 6.7% inter-assay CV). 
8.4.6 Serum Metabolite Analysis  
Serum beta-hydroxybutyrate (β-HBA) concentrations were assayed using a 
commercial colorimetric assay kit (Cayman Chemical; Sapphire Bioscience, Redfern 
NSW, Australia) according to the manufacturer’s instructions with an intra-assay CV 
of 2.1% and an inter-assay CV of 16.5%. Total serum glucose concentration was 
determined using a colorimetric assay (InfinityTM Glucose Reagent, Thermo Fisher 
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Scientific, Scoresby Vic, Australia) and a calibrator with a reference value of 177 
mg/dL glucose as a standard (Data CalTM, Thermo Fisher Scientific, Scoresby Vic, 
Australia), and the absorbance was read at 490 nm. Intra- and inter-assay CVs for the 
glucose assay were 2.2% and 14.3%, respectively. Serum non-esterified FA (NEFA) 
concentrations were determined using the NEFA C kit (Wako Pure Chemical 
Industries, Kawagoe, Japan) as per the manufacturer’s instructions, and intra- and 
inter-assay CVs were 2.7% and 1.9%, respectively. Total IgG and protein 
concentrations in each piglet serum sample were determined using the commercial 
kits described previously (protein assay intra-assay CV 2.6%; inter-assay CVs 12.6% 
and 4.6%, respectively). Serum samples from all female progeny in the CON and 
MCFA dietary treatment groups (n = 36) were analyzed for volatile FA (VFA) and 
FA methyl ester (FAME) concentrations at the NSW Department of Primary 
Industries (Wagga Wagga NSW, Australia) via gas-liquid chromatography according 
to the methods described by the AOAC [20]. 
8.4.7 Statistical Analysis  
Growth and reproductive performance of dams, colostrum and milk 
composition, litter growth performance (with the dam as the experimental unit), and 
serum IgG and metabolite concentrations (with an individual piglet as the 
experimental unit) were analyzed as linear mixed models using the MIXED 
procedure of SPSS (IBM SPSS, version 24; IBM, Armonk NY, USA). Dam parity 
(primiparous versus multiparous), diet, and the interaction between the two were 
used as fixed factors in a 2 × 4 factorial design with other factors and covariates 
included in the model as necessary. A 2 × 2 factorial design was employed for the 
analysis of piglet serum FA concentrations (primiparous versus multiparous; CON 
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versus MCFA). For the analysis of piglet serum IgG and metabolite concentrations, 
sex was fitted as a fixed factor where it made a significant contribution to the model. 
The number of days from day 107 of gestation to farrowing or to weaning was fitted 
as a covariate where they made a significant contribution to the model. This was in 
order to represent the number of days that the experimental diets were fed to the dam 
before farrowing, which was unbalanced in the study design due to commercial 
constraints and because farrowing did not always occur on the expected date. 
Pairwise comparisons between interaction means were made with simple effects 
analysis within the COMPARE function using SPSS syntax. Mortality data and 
subsequent mating and farrow rate were analyzed as binomial traits (e.g., lived or 
died, mated or not, farrowed or not) using chi square (χ2) in the CROSSTABS 
procedure of SPSS, and post hoc analysis was performed by comparing column 
proportions (individual treatment groups) using the z test. P-values of p < 0.05 were 
considered significant, and p < 0.10 were considered a trend. 
8.5 Results 
The number of primiparous and multiparous sows on each diet at the start of 
the experimental period is shown in Table 8.3. During the lactation period, four 
primiparous and four multiparous sows were removed from the experiment due to 
mortality or ill health. Of those sows, any that farrowed prior to removal had their 
farrowing house entry (BW and P2 backfat depth) and farrowing data (NBA, SB, 
MU, TB) included in the analysis. Seven primiparous and eight multiparous sows 
were removed for management and health reasons after weaning; hence, subsequent 
mating data were not available for these animals. The results of the analysis were 
similar whether fostered piglets were included or not. Therefore, the results 
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presented herein include the results for these piglets. Piglet sex was not significant (p 
≥ 0.05) for any trait and was therefore excluded from all statistical models. The 
number of days from day 107 of gestation to farrowing was used as a covariate in the 
analysis of dam P2 and BW at weaning, subsequent gestation length, piglet serum 
IgG concentration, litter weight at day 21, and NW in the experimental litter, as it 
made a significant (p < 0.05) contribution to the model, and the number of days from 
entry to weaning was used as a covariate in the analysis of dam BW change in 
lactation. 
 
Table 8.3 Number of primiparous and multiparous sows on each experimental diet. 
Diets included a control diet (CON), a diet supplemented with conjugated linoleic 
acid (CLA), a medium-chain fatty acid (MCFA) product, or a combination of both 
CLA and MCFA (BOTH). 
Dam parity 
Number of Sows (n) 
Diet 
CON CLA MCFA BOTH 
Primiparous 31 33 30 31 
Multiparous 30 30 33 30 
 
8.5.1 Dam Reproductive Performance 
Dam BW at entry to the farrowing house and at weaning was lower (p < 
0.001) in primiparous compared to multiparous sows (entry: 193.9 ± 1.8 vs. 281.5 ± 
1.8 kg, respectively; weaning: 180.5 ± 1.9 vs. 256.6 ± 1.9 kg, respectively) and 
primiparous sows lost less (p < 0.001) BW from entry to weaning compared to 
multiparous sows (Table 8.4). 
Multiparous sows on the CON diet were fatter at entry to the farrowing house 
than multiparous sows on other diets, whereas primiparous sows on the BOTH diet 
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were fatter compared to primiparous sows on the other diets (p = 0.003; Table 8.4). 
Therefore, P2 backfat depth at entry nested within dam parity treatment was tested as 
a covariate in the analysis for any further parameters. However, it was not significant 
for any trait (p ≥ 0.10) and was therefore not included in any models except for that 
of the change in P2 backfat depth from entry to weaning. Dam P2 backfat depth at 
entry was different (p = 0.024) with respect to diet, with primiparous and 
multiparous sows in the CON treatment fatter than those in the experimental 
treatments (Table 8.4). There was no difference (p = 0.26) in P2 backfat depth at 
weaning between dietary treatments. The dam parity x diet interaction was 
significant (p = 0.004) for change in P2 backfat depth from entry to weaning (Table 
8.4). However, when the change in P2 backfat depth from entry to weaning was 
corrected for P2 backfat depth at entry to the farrowing house (nested within dam 
parity treatment), there was no difference (p ≥ 0.05) between dam parities, diets, or 
their interaction (data not shown).  
The dam parity x diet interaction tended (p = 0.056) to influence the NBA 
(Figure 8.1). Primiparous sows fed the CLA diet had lower (p = 0.002) NBA than 
primiparous sows on the other diets, whereas multiparous sows from all dietary 
treatments had similar NBA (p ≥ 0.10). There was no effect (p ≥ 0.10) of dam parity, 
diet, or their interaction on subsequent WEI, remating, or farrowing rate, and there 
was no effect of diet or the dam parity x diet interaction (p ≥ 0.10) on any subsequent 
reproductive parameters (Table 8.4). 
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Table 8.4 Current and subsequent reproductive performance of primiparous and multiparous sows when fed either a commercial control diet 
(CON), a diet supplemented with conjugated linoleic acid (CLA), a medium-chain fatty acid (MCFA) product, or a combination of both CLA 
and MCFA (BOTH) in late gestation and lactation. 
 Dam parity (P)  Diet (D)  p-value 
Parameter Primiparous Multiparous  CON CLA MCFA BOTH  P D P x D 
Lactation performance  
ΔBW (kg) -13.6 ± 1.3 -25.2 ± 1.3  -23.2 ± 1.9 -17.5 ± 1.9 -19.6 ± 1.8 -17.4 ± 1.9  < 0.001 0.10 0.60 
P2E (mm) 20.5 ± 0.4 28.0 ± 0.4  25.6 ± 0.6a 23.3 ± 0.6b 23.4 ± 0.6b 24.9 ± 0.6ab  < 0.001 0.024 0.003 
P2W (mm) 19.4 ± 0.4 24.2 ± 0.4  22.4 ± 0.6 21.2 ± 0.6 21.1 ± 0.6 22.4 ± 0.6  < 0.001 0.26 0.25 
ΔP2 (mm) -1.3 ± 0.3 -4.0 ± 0.3  -3.6 ± 0.4 -2.0 ± 0.4 -2.6 ± 0.4 -2.5 ± 0.4  < 0.001 0.061 0.004 
ADFI (kg/d) 5.2 ± 0.1 5.9 ± 0.1  5.6 ± 0.1 5.6 ± 0.1 5.7 ± 0.1 5.4 ± 0.1  < 0.001 0.50 0.30 
Litter performance  
NBA (n) 11.2 ± 0.3 13.1 ± 0.3  12.6 ± 0.4 11.6 ± 0.4 12.3 ± 0.4 12.1 ± 0.4  < 0.001 0.25 0.056 
SB (n) 0.8 ± 0.1 0.9 ± 0.1  0.5 ± 0.1a 1.2 ± 0.1b 0.8 ± 0.1a 0.8 ± 0.1a  0.59 0.005 0.48 
MU (n) 0.1 ± 0.1 0.3 ± 0.1  0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.1 ± 0.1  0.039 0.23 0.45 
TB (n) 12.1 ± 0.3 14.3 ± 0.3  13.4 ± 0.4 13.1 ± 0.4 13.4 ± 0.1 12.9 ± 0.4  < 0.001 0.80 0.15 
NW (n) 9.7 ± 0.2 10.2 ± 0.2  9.9 ± 0.2 10.1 ± 0.2 9.9 ± 0.2 9.9 ± 0.3  0.039 0.93 0.74 
Subsequent reproductive performance  
Remated (%) 91.2 90.2  88.5 92.1 90.5 91.8  0.80 0.90 - 
WEI (days) 5.7 ± 0.4 4.8 ± 0.5  4.4 ± 0.6 5.2 ± 0.6 6.5 ± 0.6 4.9 ± 0.6  0.12 0.16 0.36 
FR (%) 74.6 82.0  79.6 72.4 77.2 83.9  0.18 0.51 - 
GL (days) 115.8 ± 0.1 115.5 ± 0.1  115.5 ± 0.1 115.7 ± 0.1 115.6 ± 0.1 115.8 ± 0.1  0.055 0.43 0.17 
NBA (n) 12.1 ± 0.3 13.3 ± 0.3  12.9 ± 0.4 12.7 ± 0.4 13.0 ± 0.4 12.2 ± 0.4  0.005 0.63 0.29 
NW (n) 10.0 ± 0.3 9.4 ± 0.2  9.6 ± 0.3 10.1 ± 0.4 9.7 ± 0.4 9.4 ± 0.3  0.069 0.52 0.98 
ADFI = average daily feed intake; ∆BW = change in body weight from farrowing house entry to weaning; ∆P2 = change in P2 backfat depth from farrowing house entry to 
weaning; FR = farrowing rate; GL = gestation length; MU = number of mummified fetuses; NBA = number born alive; NW = number weaned; P2E = P2 backfat depth at 
entry to the farrowing house; P2W = P2 backfat depth at weaning; SB = number of stillbirths; TB = total born; WEI = wean-to-estrus interval.  
a,b Values within a row with different superscripts differ significantly at p < 0.05. 
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Figure 8.1 Treatment comparisons in number of piglets born alive (NBA) showing 
the interaction between dam parity (primiparous versus multiparous) and diet.  
ab Different superscripts denote values within dam parity group that are significantly different (p < 
0.05). 
 
8.5.2 Colostrum and Milk Composition 
Neither colostrum nor milk composition were affected (p ≥ 0.10) by dietary 
treatment, and there were no dam parity x diet interactive effects (p ≥ 0.10; Table 
8.5). Colostrum from primiparous sows tended to have a higher (p = 0.071) 
concentration of IgG and had higher fat (p = 0.007) and NE (p = 0.012) 
concentrations than colostrum from multiparous sows (Table 8.5), but there were no 
differences (p ≥ 0.10) in milk. There were no other differences between primiparous 
and multiparous sows in any other colostrum or milk composition parameters 
measured (Table 8.5). 
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Table 8.5 Colostrum and milk composition of primiparous and multiparous sows when fed either a commercial control diet (CON), a diet 
supplemented with conjugated linoleic acid (CLA), a medium-chain fatty acid (MCFA) product or a combination of both CLA and MCFA diets 
(BOTH) in late gestation and lactation. 
 Dam parity (P)  Diet (D)  p-value1 
Parameter Primiparous Multiparous  CON CLA MCFA BOTH  P D 
Colostrum (day 0)           
NE (MJ/kg) 3.5 ± 0.2 2.7 ± 0.2  3.1 ± 0.3 3.0 ± 0.3 3.2 ± 0.3 3.1 ± 0.4  0.012 0.96 
IgG (mg/mL) 93.1 ± 9.5 70.9 ± 7.5  82.8 ± 12.7 81.0 ± 10.4 85.5 ± 10.7 78.8 ± 14.2  0.071 0.98 
Fat (%) 7.8 ± 0.6 5.6 ± 0.5  6.7 ± 0.8 6.3 ± 0.7 6.9 ± 0.7 6.6 ± 0.9  0.007 0.94 
Protein (%) 17.5 ± 0.5 16.8 ± 0.4  18.0 ± 0.7 16.3 ± 0.6 17.0 ± 0.6 17.4 ± 0.8  0.31 0.28 
Lactose (%) 2.9 ± 0.1 3.1 ± 0.1  2.8 ± 0.2 3.2 ± 0.2 3.0 ± 0.2 3.0 ± 0.2  0.15 0.51 
Milk (day 21)           
NE (MJ/kg) 4.0 ± 0.3 3.8 ± 0.2  4.2 ± 0.3 3.9 ± 0.3 3.6 ± 0.4 3.8 ± 0.4  0.53 0.66 
IgG (mg/mL) 0.36 ± 0.04 0.31 ± 0.04  0.34 ± 0.06 0.30 ± 0.05 0.37 ± 0.05 0.33 ± 0.06  0.36 0.80 
Fat (%) 5.9 ± 0.6 5.3 ± 0.5  6.3 ± 0.8 5.7 ± 0.6 4.7 ± 0.8 5.7 ± 0.9  0.44 0.61 
Protein (%) 2.0 ± 0.2 2.0 ± 0.2  2.1 ± 0.3 1.7 ± 0.2 2.2 ± 0.3 1.8 ± 0.3  0.90 0.35 
Lactose (%) 6.8 ± 0.2 7.1 ± 0.2  7.0 ± 0.3 6.8 ± 0.2 6.8 ± 0.3 7.1 ± 0.3  0.31 0.83 
1 The interaction (dam parity x diet) was not significant (p ≥ 0.10) for any trait. 
 297 
 
8.5.3 Litter Growth Performance  
The dam parity x diet interaction was not significant (p ≥ 0.10) for any litter 
growth performance traits (data not shown). Diet had no effect (p ≥ 0.10) on total 
litter weight at birth, after standardization (fostering), or on day 21 of lactation (data 
not shown). Primiparous sow litters were significantly (p < 0.001) lighter than 
multiparous sow litters at all time points (birth: 15.1 ± 0.4 vs. 19.6 ± 0.4 kg, 
respectively; after standardization: 15.8 ± 0.3 vs. 18.6 ± 0.3 kg, respectively; day 21: 
49.5 ± 1.2 vs. 64.8 ± 1.2 kg, respectively). There was no effect of diet on average 
piglet BW at birth (p = 0.84) or day 21 (p = 0.53), nor any average piglet BW gain 
from birth to day 21 (p = 0.47; data not shown). Gilt progeny were lighter than sow 
progeny in terms of average piglet BW at birth and at day 21 (p < 0.001; Figure 8.2) 
and gained less BW between birth and 21 days of age (3.71 ± 0.07 vs. 4.79 ± 0.08 
kg, respectively; p < 0.001). 
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Figure 8.2 Effect of dam parity (primiparous versus multiparous; gilt versus sow 
progeny) on average piglet body weight (BW) at 0 and 21 days of age. 
 
There was no difference (p = 0.83) in total liveborn pre-weaning mortality 
between gilt and sow progeny (Figure 8.3a). However, a higher proportion (p = 
0.009) of sow progeny died in the first three days of life than gilt progeny, the effect 
of which was reversed in the remaining days to weaning (p = 0.013; Figure 8.3a). 
Piglets from primiparous and multiparous sows on the CLA diet tended to have the 
lowest (p = 0.051) liveborn pre-weaning mortality rate compared to those from the 
other diets (Figure 8.3b). There was no significant difference in liveborn pre-
weaning mortality when divided into the first three days (p = 0.15) and the 
remaining days (p = 0.27) of lactation. 
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Figure 8.3 Effect of (a) dam parity (primiparous versus multiparous; gilt versus sow 
progeny) and (b) late gestation and lactation diet on pre-weaning liveborn piglet 
mortality.  
ab Different superscripts denote values that are significantly different (p < 0.05). 
 
8.5.4 Piglet Serum IgG and Metabolites 
The dam parity x diet interaction was not significant for piglet serum IgG or 
protein concentration (p ≥ 0.05; data not shown). Gilt progeny had a lower serum 
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concentration of IgG (p = 0.027) and protein (p = 0.016) than sow progeny on day 
three of lactation (Figure 8.4a). Diet tended to have an effect on serum IgG (p = 
0.071) and protein concentration (p = 0.081) of piglets (Figure 8.4b). There were no 
dam parity, diet, or interactive effects on serum glucose, βHBA, NEFA, or TG 
concentrations of piglets (p ≥ 0.10; Table 8.6). Apart from the tendency for piglets of 
primiparous and multiparous sows fed the MCFA diet to have higher (p = 0.083) 
serum concentrations of acetic acid than those from primiparous and multiparous 
sows on the CON diet, there were no other dam parity, diet, or interactive differences 
(p ≥ 0.10) in any concentrations of the other serum FA (Table 8.7). 
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Figure 8.4 Effect of: (a) dam parity (primiparous versus multiparous; gilt versus sow 
progeny); and (b) late gestation and lactation on piglet serum immunoglobulin G 
(IgG) and total protein concentrations on day 3 of lactation. 
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Table 8.6 Serum metabolite concentrations of piglets on day 3 of lactation after 
dams fed either a commercial control diet (CON), a diet supplemented with 
conjugated linoleic acid (CLA), a medium-chain fatty acid (MCFA) product or a 
combination of both CLA and MCFA diets (BOTH) in late gestation and lactation. 
 Diet  p-value 
Parameter CON CLA MCFA BOTH  Diet 
Serum concentration (mmol/L)    
GLUC 8.76 ± 0.17 8.57 ± 0.16 8.59 ± 0.15 8.50 ± 0.21  0.77 
βHBA 0.81 ± 0.08 0.81 ± 0.07 0.82 ± 0.07 0.81 ± 0.09  1.00 
NEFA 0.73 ± 0.08 0.62 ± 0.08 0.64 ± 0.07 0.72 ± 0.10  0.77 
TG 1.55 ± 0.13 1.84 ± 0.11 1.67 ± 0.10 1.71 ± 0.14  0.39 
GLUC = glucose; βHBA = beta-hydroxybutyrate; NEFA = non-esterified fatty acids; TG = 
triglycerides. 
 
Table 8.7 Piglet serum fatty acid concentrations on day 3 of lactation after dams fed 
either a commercial control diet (CON), or a diet supplemented with a medium-chain 
fatty acid (MCFA) product in late gestation and lactation. 
 Diet1  p-value 
Parameter CON MCFA  Diet 
Serum concentration (μg/mL) 
Acetic acid 266 ± 5 278 ± 5  0.083 
Butyric acid 14.0 ± 0.5 14.1 ± 0.4  0.86 
Valeric acid2 1.5 ± 0.5 0.9 ± 0.4  0.33 
Caproic acid 3.5 ± 0.3 3.2 ± 0.2  0.45 
Caprylic acid2 0.7 ± 0.2 0.9 ± 0.2  0.80 
Pelargonic acid2 1.3 ± 0.3 1.6 ± 0.3  0.50 
Capric acid2 2.0 ± 0.4 1.6 ± 0.4  0.68 
Undecyclic acid 1.7 ± 0.2 2.0 ± 0.2  0.31 
Lauric acid 6.7 ± 0.5 7.4 ± 0.4  0.68 
1 Results are based on a sub-sample of female piglets (n = 36).  
2 Some pigs had serum concentration recorded as < 0.10 µg/mL. These have been assumed as zero for 
the analysis. 
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8.6 Discussion 
The current study confirmed that gilt progeny are born lighter and grow 
slower before weaning compared to progeny born to multiparous sows [13,15,22]. 
Gilt progeny had lower serum IgG concentrations than sow progeny in the current 
study, as expected from previous findings [15,22]. However, colostrum and milk IgG 
concentrations did not differ between primiparous and multiparous sows in the 
current study. In fact, primiparous sows tended to have higher IgG concentrations in 
colostrum, a result in contention with previous work [23,24]. Differences between 
studies may be due to variation in a number of factors, such as timing of colostrum 
collection [25], udder section sampled [26], and multiparous sow parities included in 
the study [27], as colostrum IgG concentrations have been shown to be very sensitive 
to such differences in collection methodology. Furthermore, there may be differences 
in colostrum [25,28] and milk volume [29–31] between primiparous and multiparous 
sows, which may impact the concentrations of several components, including IgG. 
Conjugated linoleic acid has been shown to have positive immunomodulatory 
effects on colostrum, milk, and progeny serum IgG concentrations when fed in late 
gestation and (or) lactation to sows [4,8,32], and MCFA have been shown to have 
antibacterial properties and improve gut development and function in the pig 
[11,33,34]. Despite these purported effects, we observed no added benefits to the 
lactation performance of primiparous sows and their progeny relative to sows and 
their progeny with CLA or MCFA. Overall, there were only subtle differences 
between the performance and serum IgG concentration of gilt and sow progeny when 
their dams were fed the experimental diets. Given the lack of improvements in 
performance between piglets from primiparous and multiparous sows fed CLA and 
MCFA separately, it was therefore not surprising that there were no advantages to 
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feeding both ingredients together in the BOTH treatment. It was unfortunate that 
other immunoglobulins such as IgA and IgM were not measured in the current study, 
as feeding CLA from day 85 of gestation until farrowing has been shown to improve 
concentrations of IgA and IgM in sow serum, colostrum, and piglet serum [10]. 
Furthermore, dietary MCFA may have immunomodulatory effects, such as 
stimulating IgA production in response to a bacterial lipopolysaccharide (LPS) 
challenge [11]. Hence, these mechanisms require further investigation. The 
microbiome of the sow and (or) the piglets may also have been altered by feeding 
MCFA, which have been shown to have several probiotic and antibacterial effects in 
the intestinal lumen of pigs [11]. These may have improved progeny health and 
growth performance after weaning but were unable to be quantified in the current 
study.  
Feeding CLA to dams during late gestation and lactation did not increase day 
three serum IgG concentrations of piglets in the present study. Similar studies that 
found an improvement in serum IgG of piglets found these differences at weaning 
[8,35] or after weaning [32]. Piglet IgG concentrations were not measured at or after 
weaning in the current study, and as such, it is unclear whether improvements in 
immune status may have been gained later in life. Liu et al. [36] found an 
improvement in progeny serum IgG concentration in the first 24 to 26 hours of life, 
but this was only in piglets from the highest CLA inclusion level treatment (2.25% 
CLA oil). They also found an increase in colostrum IgG concentrations at only the 
higher inclusion levels (> 1.5% CLA), whereas we found no difference at 0.5% 
CLA. This suggests that higher levels of CLA (> 0.5%) may be necessary in order to 
improve IgG concentrations in primiparous and multiparous sow colostrum and 
increase piglet serum IgG in the first postnatal days.  
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Data as to whether CLA increases [37] or depresses [10] colostrum fat 
concentration are equivocal. Results from the current study concur with Cordero et 
al. [6] that there was no effect on colostrum fat concentration, which is also 
consistent with the studies of Bontempo et al. [4] and Schmid et al. [38] that found 
no effect on milk fat concentration. Other studies report that milk fat was depressed 
when dams were fed CLA [35,39–41]. Piglet growth performance was not affected 
by CLA supplementation in agreement with the previous literature [4,7]. However, 
Wu et al. [10] showed that piglet growth performance increased linearly in line with 
an increase in CLA inclusion level (up to 2.25% CLA oil; total 1.35% CLA 
isomers), which may indicate that the levels used in the current study were 
insufficient to noticeably impact piglet performance. This is further evidenced by the 
observation of increased milk yield and piglet pre-weaning growth rates in studies 
that fed 1% CLA oil (approximately 0.6% biologically active CLA isomers) or 
higher [6,35,37]. This may also be an explanation as to why there were no 
differences in piglet serum metabolites such as glucose or triglycerides from dams 
fed CLA in the current study.  
In agreement with Hadaš et al. [42] and Liu et al. [36], liveborn mortality in 
the current study tended to be lower for piglets born to dams fed the CLA diet. 
However, Lee et al. [35] found no effect, and Barowicz et al. [43] and Krogh et al. 
[37] actually found higher mortality rates in piglets born to sows fed CLA. The 
finding that SB was higher in CLA-fed sows compared to CON sows—and that 
NBA was lower in CLA-fed primiparous sows than those primiparous sows on the 
other dietary treatments—was surprising, as most previous studies found no 
difference [8,42], and some even suggested that CLA increased NBA [5,43]. In 
addition, Liu et al. [36] found that feeding CLA had no effect on farrowing duration 
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in primiparous sows, which suggests that increased farrowing difficulty was not the 
reason for higher SB or lower NBA in the current study. These differences may be 
due to inconsistencies between methodology, as there are variations between these 
studies in time period (e.g., first week, 21, 28, or 35 day lactations), inclusion level 
of CLA (ranging from 1 to 2.25% CLA product), and (or) average parity of the 
experimental sows (e.g., primiparous sows only, parities 2-5, 1-3, or 3-4). These 
studies also had a comparatively low number of animals studied compared to the 
present study (eight to twelve versus >30 dams per treatment), an important 
consideration when measuring variables such as pre-weaning mortality rates. 
Regardless, it seems from this studythat liveborn pre-weaning mortality rates are 
improved by the inclusion of CLA in the sow diet for reasons other than improving 
colostrum and milk IgG concentration or piglet energy metabolism, as suggested by 
other authors who fed CLA at higher inclusion levels [4–6,8,10]. It is more likely 
that overall colostrum intake was increased in these piglets, and that the 
concentrations of CLA isomers in colostrum and milk were enhanced [4,6]. This 
may have had impacts on adipocyte function, protein accretion, hepatic lipid 
metabolism, and immune function [44] that may not have manifested as differences 
in serum metabolite concentrations of piglets at three days of age in the current 
study. It may therefore be more beneficial to feed CLA at these inclusion rates from 
farrowing until weaning rather than from day 107 of gestation, as was the case in the 
current study. This feeding regime may therefore have less of an impact on fetal 
development, the farrowing process, and hence the rate of stillbirths, but this requires 
further investigation.  
Medium-chain FA can be found in their triglyceride form (MCT) in coconut 
oil, palm kernel oil, and cuphea seeds, or manufactured in their free FA form into 
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commercial feed additives [11]. The antimicrobial effects of MCFA in the intestinal 
lumen of pigs have been well reported [45]. Mechanisms may include anionic 
surfactant function [34], destabilization of bacterial cell walls and membranes by 
incorporation into the membrane itself and (or) inhibition of bacterial lipase [46–48], 
initiating cell death via disassociating within the bacterial cell and lowering pH 
[49,50], or by triggering cell autolysis by activation of bacterial enzymes [51]. 
Dietary MCTs have also been shown to stimulate growth hormone (GH) release in 
pigs, most likely through increased bioactivation of ghrelin [52]. Moreover, due to 
their positive effects on energy homeostasis and gut health [53,54], MCFA may be 
effective in improving FA metabolism in sows, increasing milk FA content and 
suckling piglet energy levels as a result [55–57]. Our study showed no positive 
effects of feeding MCFA on progeny performance or serum metabolite profiles, 
suggesting that the inclusion level in the current study was insufficient to influence 
the piglet when fed through the dam. The fact that there was no increase in piglet 
pre-weaning growth performance when their dams were fed the MCFA diet is 
consistent with previous work in cows [57], and is in agreement with the lack of 
difference in CON and MCFA piglet energetic metabolite profiles. However, when 
fed as MCT, these FA are known to have a ketogenic effect on the sow and improve 
blood glucose metabolism [58], serum FA profiles [59], pre-weaning weight gain of 
her progeny [55], and pre-weaning survival of light birth weight piglets [60,61]. It is 
more likely (in this case) that the ketones produced by the dam as a result of the 
breakdown of MCTs are passed to the progeny via the placenta [11,62]. Ingredients 
with high levels of MCTs, such as coconut oil or palm kernel oil, may therefore be a 
more viable dietary alternative (compared to free FA products) to improve 
primiparous and multiparous sow and progeny performance. Feeding these additives 
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in late gestation and (or) lactation has been shown to increase pre-weaning survival 
rates in low birth weight pigs [60,61,63]. However, the use of these products in a 
commercial setting may be limited by their cost and difficulties with mixing at the 
feed mill owing to their relatively high viscosity. This has also previously been 
identified as an issue with CLA oil addition [64]. 
8.7 Conclusions 
In conclusion, feeding CLA or MCFA alone or in combination to 
primiparous and multiparous sows from day 107 of gestation to weaning did not 
improve colostrum or milk composition, nor did it improve the serum energetic 
metabolite profile or pre-weaning growth of their piglets. These results suggest that 
supplementing 0.5% CLA isomers may increase pre-weaning liveborn survival of 
both gilt and sow progeny while also increasing the number of SB piglets. There 
were no added benefits of these additives to gilt progeny or to feeding both CLA and 
MCFA simultaneously. Feeding CLA may be more successful in improving the 
performance and pre-weaning survival of gilt progeny if fed only from farrowing 
until weaning, and MCFA may have impacts on intestinal microbiota and hence 
progeny growth and survival after weaning. Both of these require further 
investigation. 
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Chapter 9: General Discussion 
9.1 Introduction 
The overall objectives of the present thesis were to characterise performance 
differences between GP and SP in commercial production, to identify some of the 
underlying anatomical and physiological factors responsible and to identify targeted 
management strategies to exploit these through late gestation and lactation feeding 
strategies. The general hypotheses tested were that GP would be lighter at all stages 
of life compared to SP (Chapters 3, 4, 5), that primiparous sows would have 
colostrum and milk of a different composition with lower levels of immunoglobulin 
G (IgG) compared to multiparous sows (Chapter 6), and that several organs and 
tissues (such as skeletal muscle and the gastrointestinal tract, GIT) of GP would be 
poorly developed early in life in comparison to SP (Chapter 7). It was therefore 
expected that GP would acquire less maternal immunity, leading to a lower chance 
of lifetime survival in comparison to SP. Specifically, in the final experimental 
chapter, it was hypothesised that feeding CLA and (or) MCFA in late gestation and 
lactation would improve piglet energy levels, improve colostrum and milk 
composition and GP (and SP) pre-weaning performance (Chapter 8). 
9.2 Gilt Progeny Performance and Carcass Characteristics 
Gilt progeny were born (Table 9.1) and weaned (regardless of weaning age; 
Table 9.2) significantly lighter than SP in all experiments. These differences between 
GP and SP were found regardless of whether pigs were part of the commercial herd 
(Chapters 4, 5, 7 and 8) or selected as breeding gilts in the first cross (F1) breeder 
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herd (Chapter 3), and regardless of their genetic source (Chapters 4 and 5). Weight 
differences between GP and SP were also consistent when comparing between 
piglets selected to represent an average piglet from the litter (Chapter 7) or selected 
for the breeding herd based on their phenotype at 23 to 24 weeks of age (and 
therefore having survived to this point; Chapter 3). Furthermore, GP were 
consistently lighter at all stages of life than SP in all experiments, up until sale 
(Chapters 4, 5, 7 and 8; Figure 9.1), which has consequences for their overall 
saleability. 
 
Table 9.1 Comparison of birth weights (expressed as mean ± SE) from each chapter 
between gilt progeny (GP) and sow progeny (SP). 
 Birth weight (kg)  
Chapter GP SP P-value1 
3 1.44 ± 0.01 1.64 ± 0.01 < 0.001 
4 1.44 ± 0.02 1.50 ± 0.02 0.032 
5 1.38 ± 0.03 1.47 ± 0.03 0.038 
7 1.32 ± 0.05 1.56 ± 0.05 0.001 
8 1.40 ± 0.02 1.57 ± 0.02 < 0.001 
1 Main effect of dam parity (GP vs. SP). 
 
Low birth weights of GP may indicate that their growth is restricted in late 
gestation. The results from Chapter 7, to my knowledge, are the first to identify that 
GP show signs of ‘brain sparing’ at birth, where the weight of compartments of the 
GIT and of skeletal muscle were significantly lower in GP compared to SP. This 
may indicate that GP suffer from a form of intrauterine growth restriction (IUGR), 
where development of the brain is prioritised over the growth of other organs 
(Hammond, 1944). There is growing support for the notion that all piglets exhibit 
some degree of IUGR, even when uterine capacity is not limiting (Town et al., 2005; 
Foxcroft et al., 2006; Douglas et al., 2016). Therefore, the smaller overall size of the 
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uterus in the primiparous sow may limit the space available for growth and 
development of her litter in gestation, while restricting placental functionality (Town 
et al., 2005) and resulting in IUGR, in agreement with results from Chapter 7.  
 
Table 9.2 Comparison of weaning weights (expressed as mean ± SE) from each 
chapter between gilt progeny (GP) and sow progeny (SP). 
 Weaning weight (kg)   
Chapter GP SP Wean age P-value1 
4 6.77 ± 0.10 7.69 ± 0.10 28 d < 0.001 
5 6.11 ± 0.09 6.84 ± 0.10 24 d < 0.001 
7 7.54 ± 0.30 8.97 ± 0.30 29 d 0.002 
8 5.08 ± 0.08 6.36 ± 0.08 21 d2 < 0.001 
1 Main effect of dam parity (GP vs. SP). 
2 Piglets weaned at an average of 27 days of age in Chapter 8, but all were weighed at 21 days of age. 
 
 
 
Figure 9.1 Summary of all measured body weights of gilt progeny (GP) and sow 
progeny (SP) from Chapters 3, 4, 5, 7 and 8. 
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Variation in all birth weights recorded was higher in SP than in GP in all 
experiments (Chapters 3, 4, 5 and 8) except in Chapter 7 (Table 9.3), where only a 
small number of average pigs from the litter were chosen to be included in the 
experiment. Piglets with extremely low birth weights (i.e. < 600 g) may not have 
been included in my experiments, especially in the case of Chapter 3, where only 
selected gilts were included, as it is very unlikely that any piglet born < 600 g 
survived to weaning, let alone to selection (Quiniou et al., 2002; Fix et al., 2010). In 
fact, in this study, the lightest recorded birth weight of experimental pigs was 670 g. 
This was also the case in Chapter 7, where piglets were chosen to represent an 
average piglet from the litter, and the lightest birth weight was 920 g. It can be seen 
from Table 9.4 that as the definition of a ‘low birth weight’ or ‘IUGR’ piglet is 
changed based on birth weight, so does the proportion of GP vs. SP that fit into these 
categories. 
 
Table 9.3 Coefficient of variation (CV) of all birth and weaning weights for GP and 
SP from the raw data for each chapter. 
 Birth weight CV (%)  Weaning1 weight CV (%) 
Chapter GP SP  GP SP 
3 18.1 19.5  - - 
4 20.8 23.5  21.5 24.3 
5 22.3 24.0  17.4 20.2 
7 22.7 15.9  12.3 18.1 
8 20.8 23.3  25.3 24.4 
1 Weight at or around weaning; see relevant chapter for details. 
 
It may therefore be reasonable to conclude that GP may be suffering from 
some degree of IUGR as, in primiparous sows, having a smaller uterus (Wu et al., 
2006) may cause poorer growth of their progeny in utero. Gluckman and Hanson 
(2004) divided ‘maternal constraint’ during pregnancy into two main types based on 
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the work of Walton and Hammond (1938) and Hammond (1944): (i) demand-driven, 
as is the case in twinning in primarily monotocous species as well as high litter sizes 
in the polytocous species such as the sow; and (ii) supply-limited, where maternal 
size affects foetal size and development, as is the case in young mothers and, by 
definition, primiparous sows. Moreover, this effect of maternal age on IUGR is also 
evident in other species such as humans (Morton, 1955; Ong et al., 2002), mice 
(Nielsen et al., 1995), sheep (Wu et al., 2006), cattle (Tudor, 1972) and horses 
(Wilsher and Allen, 2003) and this seems to be due to the relative immaturity of the 
dam in first parity. Such observations are in congruency with my results. 
 
Table 9.4 Proportion of gilt (GP) and sow progeny (SP) piglets born under a certain 
weight in each experimental chapter. 
 Birth weight 
 < 800 g < 1,100 g < 1,500 g 
Chapter GP SP GP SP GP SP 
3 0.2% 0.1% 5.6% 3.4% 54% 35% 
4 1.4% 2.8% 12% 15% 61% 52% 
5 3.8% 3.0% 17% 15% 63% 53% 
8 2.3% 2.1% 16% 12% 66% 42% 
 
 
Within-litter variation in weaning weights would be expected to be higher in 
SP due to this birth weight variation as well as variation in teat productivity and 
accessibility, and suckling behaviour of piglets (Vasdal and Andersen, 2012; Balzani 
et al., 2016b). This was observed in all experiments except Chapter 8 (Table 9.3), 
which may be explained by the fact that only progeny from parity 3 and 4 sows were 
included in this experiment, which in turn are thought to produce the most milk 
(Farmer and Quesnel, 2009) and for whom milk production and teat access may be 
more consistent than in older sows (Vasdal and Andersen, 2012; Balzani et al., 
2016b). Furthermore, lower birth weights and hence weaning weights may also have 
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flow-on consequences for reproductive performance of GP, as indicated by the 
results of Chapter 3. These results have since been replicated in a study at the 
commercial piggery where the experiment from Chapter 5 was conducted (Hewitt et 
al., 2017), further supporting the hypothesis that reproductive development of GP is 
delayed in comparison to that of SP. 
Lighter sale weights of GP in Chapters 3, 4 and 5 may be an indication that 
protein deposition is limited in these animals compared to SP. This limitation could 
give rise to increased deposits of fat once this limit is reached, as has been seen 
previously in low-birth-weight pigs (Rehfeldt and Kuhn, 2006; Collins et al., 2007). 
Therefore, if GP have a lower number of muscle fibres at birth than SP we may 
expect them to have a higher P2 backfat depth (measured 65 mm down from the 
midline in line with the head of the last rib) at a constant carcass weight at a saleable 
age. This was the case in Chapter 3 but not in Chapters 4 and 5. Since pigs from 
Chapter 3 were those that are first cross (F1; Large White x Landrace) gilts selected 
for the breeding herd, they may have a greater propensity to deposit adipose tissue 
due to their genotype (Bunter et al., 2010), and therefore this may be why higher P2 
backfat depths of GP compared to SP was observed in this chapter. Breeding gilts in 
Chapter 3 were also fed a diet targeted at maximising fat deposition, in direct 
opposition to the commercial progeny in Chapters 4 and 5 that were fed a diet to 
maximise protein deposition and keep body fat to a minimum. Furthermore, age at 
P2 backfat measurement may have influenced these differences seen, as these pigs 
were older (24 weeks of age) in comparison to the pigs in Chapters 4 (22 to 23 
weeks) and 5 (21 weeks of age). It has also been suggested that increases in fat 
deposition in low-birth-weight pigs may only result in a higher content of 
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intramuscular fat (reviewed by Rekiel et al., 2015), which would not have been 
picked up by the P2 backfat measurement alone.  
An interesting finding was that dressing percentage was lower in GP than SP 
in Chapter 4, but no difference was found in Chapter 5. This may be explained by the 
fact that dressing percentage was calculated in Chapter 5 using the liveweight at 
approximately 6 days before slaughter that would be less accurate than the figure in 
Chapter 4, which was calculated from liveweight on the day before slaughter. This 
finding is consistent with the data from Chapter 7, albeit at a much younger age, that 
showed that the relative weight of skeletal muscle in GP was much lower than SP at 
birth and around weaning, and that the relative weight of the liver, a large organ 
which would not be included in the dressed weight, was significantly higher in GP. 
9.3 Colostrum and Milk Composition, Maternal Transfer of IgG 
and Survival of Gilt Progeny 
While circulating concentrations of immunoglobulins were not measured in 
primiparous and multiparous sows in my experiments, the IgG concentration in 
colostrum was similar between parities (Chapter 6) or even tended to be higher in 
primiparous sows (Chapter 8). These discrepancies between Chapters 6 and 8 may 
be explained by the colostrum collection technique used. In Chapter 6, colostrum 
was pooled from all teats, whereas in Chapter 8 colostrum was collected from only 
the first three anterior pairs, for example, and IgG concentration can differ between 
sections of the udder (Hurley, 2015). 
Despite these similar colostrum IgG concentrations, my work has confirmed 
that serum IgG concentrations are significantly lower in GP than SP in the early 
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post-partum period, both 24 hours after birth (Chapter 7) and at 3 days of age 
(Chapter 8; Figure 9.2). Considering GP are significantly lighter at this stage than SP 
it is expected that they would have a lower blood volume as well, suggesting that 
total circulating IgG would be considerably lower in GP compared to SP. This 
indicates that acquisition of maternal immunity from colostrum in GP is 
compromised early in life and may have consequences for their ability to survive and 
thrive after birth. Since differences in IgG concentrations in colostrum between 
primiparous and multiparous sows do not seem to influence this (Chapters 6 and 8), 
GP may have a lower colostrum intake in comparison to SP, or may not absorb IgG 
as efficiently as SP. The latter may be a more likely explanation, especially 
considering the differences in early growth of the small intestine seen in Chapter 7 
(e.g. lower weight to length ratio of the small intestine [SIW:SIL] in GP compared to 
SP in the first 24 hours of life). Unfortunately, the histological differences in GIT 
development between GP and SP were not able to be quantified in my studies, due to 
the loss of sample integrity during storage. Such information would have been 
valuable in determining whether absolute size and weight of the GIT and serum IgG 
concentration differences between GP and SP were likely as a result of poorer early 
development of the brush border of the SI in GP in response to colostrum (and milk) 
intake. 
From Chapter 7, it seems that colostrum intake may be similar between GP 
and SP, as weight change in the first 24 hours after birth was comparable between 
the two groups. Although numerically, on average, GP gained 20 g less weight than 
SP, there was considerable variation between piglets in this study. In addition, GP in 
Chapter 7 showed similar signs to piglets that have been deprived of colostrum, such 
as lower total intestinal protein (Burrin et al., 1992), and lower weights of the 
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skeletal muscle (Burrin et al., 1995) and some internal organs (Widdowson et al., 
1976; Widdowson and Crabb, 1976). Colostrum intake may very well have been 
lower in GP if had been measured in the first 3 days of life, or for all piglets in the 
litter (for example), and this requires further investigation. 
My results suggest that milk macronutrient profiles are largely similar 
between primiparous and multiparous sows throughout lactation (Chapters 6 and 8). 
Slower pre-weaning growth rates of GP may suggest that primiparous sows produce 
less milk than multiparous sows in lactation. The smaller udder in primiparous sows 
may be a reason for this (Balzani et al., 2016b) and (or) the enhanced ability of larger 
SP piglets to stimulate teats and maintain milk production in sows, sustaining the 
positive hormonal feedback loop and subsequently increasing milk intake by these 
piglets (King et al., 1997; Hurley, 2001). Results from Chapter 8 reconfirm that 
lactation feed intakes are in fact significantly lower in primiparous compared to 
multiparous sows, and the drop-in lactose concentrations from day 14 of lactation in 
primiparous sows in Chapter 6 suggests that their milk production may suffer as a 
consequence. 
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Figure 9.2 Boxplot of pre-weaning immunoglobulin G (IgG) concentrations in 
serum of gilt (GP) and sow progeny (SP) obtained from Chapters 7 (day 0, 1, 29 and 
30 of age) and 8 (day 3 of age). 
 
It was unfortunate that pre-weaning survival rates were not able to be 
determined from Chapters 4 and 5, as results from previous studies are conflicting. 
Investigating survival rates in the first 3 days of life separately to survival rates from 
day 3 until weaning may provide more information than just overall pre-weaning 
mortality. For example, if one group (e.g. GP) has higher mortality rates in the first 3 
days but then lower mortality rates in the subsequent period than the other group 
(e.g. SP), then overall pre-weaning mortality may not present as being statistically 
different between the two groups. Hence, this approach was utilised to analyse the 
pre-weaning mortality data in Chapter 8. Mortality rates were higher in the first 3 
days of life for SP compared to GP in Chapter 8, most likely a reflection of higher 
litter variation resulting in ‘runt’ piglets being overlain by the larger multiparous 
sows (Mahan, 1994). It then seems that after this early period, from day 4 of life 
onwards, where absorption of nutrients and bioactive molecules from colostrum and 
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milk may be hindered in GP, mortality rates of GP are significantly higher than SP 
(Chapter 8). Lack of maternal immune protection may even impact GP in the weeks 
immediately after weaning, where their mortality rates were significantly higher than 
in SP (Chapter 4). However, in Chapter 7, serum IgG concentrations did not differ 
between GP and SP around weaning (Figure 9.2) and therefore these higher 
mortality rates may be due to a different mechanism. Despite this, if the GP that did 
not receive adequate IgG from colostrum have previously died, then it follows that 
the difference in serum IgG concentrations between surviving GP and SP would be 
similar at this age.  
9.4 Management Strategies for Improving Gilt Progeny Birth 
Weights, Pre-Weaning Growth and Survival 
Data from my studies show that most variation in weight between GP and SP 
is present at and before weaning (Figure 9.3) and clearly demonstrates that 
improving weaning weight in GP would drastically reduce the difference in weight at 
sale between GP and SP, reducing overall weight variation between pigs at market. 
This is of particular importance in the current Australian domestic market, where 
pigs must comply with a tight grading standard where each grade of carcass on the 
price grid is defined by a narrow range of hot carcass weights and P2 backfat depths. 
Therefore, the pre-weaning period is a crucial time where the lifetime performance 
of GP is determined, and management strategies targeted in this area may have the 
most success in improving GP productivity. 
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Figure 9.3 Proportional differences between body weights of gilt progeny (GP) and 
sow progeny (SP) at different ages (expressed as the weight difference relative to SP 
body weight), summarised from Chapters 3, 4, 5, 7 and 8. 
 
As results from Chapter 7 suggest that uterine space may be limited for 
growth of GP in late gestation, management strategies focused on improving foetal 
growth in late gestation and therefore birth weights may not be successful in 
primiparous sows. In the long term, genetic selection for uterine capacity or 
proportion of light birth weight piglets may be possible (Freking et al., 2016; 
Matheson et al., 2018). As a short-term option, nutritional strategies in late gestation 
are a more popular alternative in attempts to improve GP performance. Feeding 
MCFA was unfortunately unsuccessful in Chapter 8 and may have been more 
effective at a higher inclusion, fed in the triglyceride form (Rosebrough et al., 1981; 
Jean and Chiang, 1999), and (or) may have had beneficial effects after weaning due 
to their antimicrobial properties (Zentek et al., 2011). Pre-weaning survival rates of 
GP (and SP) were significantly enhanced by CLA supplementation in Chapter 8. 
However, piglet serum IgG concentrations at day 3 of life were not altered and this 
improvement in survival may have been a result of some other mechanism, although 
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IgG concentrations were numerically highest in piglets from sows fed CLA. 
Conjugated linoleic acid may be more effective at higher inclusion rates in 
primiparous sow diets, and I plan to continue future research in this area. 
Parity segregation was a theme explored in Chapters 4 and 5, based on 
systems previously practiced in the US where primiparous and multiparous sows and 
their progeny are kept on separate farms, aiding in controlling disease spread and 
allowing for focused management regimes of primiparous sows and their progeny 
(Moore, 2001). In Chapters 4 and 5 GP and SP were separated between pens rather 
than farms, and this segregation occurred either for the whole-of-life (Chapter 4) or 
in the grower-finisher period only (Chapter 5). Unfortunately, neither of these 
strategies were able to improve the lifetime performance and survival of either GP or 
SP, nor reduce the variation in sale weights between or amongst the two groups. 
Lifetime segregation between farms may be more successful as this eliminates the 
nose-to-nose contact present between GP and SP used in Chapters 4 and 5, and 
allows for group veterinary treatment of GP without having to intervene with SP. 
However, this approach requires a large amount of space and may have implications 
for primiparous sows once they enter the multiparous sow herd to farrow in their 
second parity.  
Given that GP are born lighter (Chapters 3, 4, 5, 7 and 8) and may have 
reductions in physical development at this stage in comparison to SP as well as a 
reduced ability to obtain and absorb colostrum, as seen in Chapter 7, assistance at 
birth and colostrum management may be particularly important for these animals. 
Since colostrum from primiparous sows is of similar composition to that of 
multiparous sows (Chapter 6), giving GP the best chance of accessing this colostrum 
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by assisting them at birth and guiding them to the udder will most likely improve 
their chance of preweaning survival (Kirkden et al., 2013).  
Poorer performance of GP also raises the question as to whether there may be 
an ideal parity structure, and whether it is practical to reduce the number of 
primiparous sows and their progeny present on farm without compromising genetic 
gain. Currently there is a heavy focus on improving sow longevity in order to reduce 
gilt replacement rates (Calderón Díaz et al., 2015). However, a phenomenon in 
which the sow will contribute a smaller proportion of her ‘maternal investment’ into 
the first (primiparous) litter in favour of reserving it for future (multiparous) litters 
has been observed in modern sow genotypes as a result of genetic selection for 
robustness and breeding longevity (Ocepek et al., 2016). Furthermore, while it seems 
from the results of Chapter 3 that selection of replacement gilts from GP may not 
compromise sow longevity, the costs of growing GP for the breeding herd and drop 
out of these animals before producing a first litter versus the profits from genetic 
gain that this subsequent generation (i.e. GP) offers are yet to be economically 
quantified. Therefore, careful planning must be put into breeding programs in order 
to reduce the impact of GP on the overall profitability of a pig farming enterprise. 
9.5 Conclusions 
This work represents a comprehensive investigation of the performance of 
GP in a commercial setting. It has been confirmed from these findings that GP 
represent a substantial loss of productivity on farm, being lighter at birth, weaning 
and taking substantially longer to reach market weight. Their poorer pre-weaning 
growth in comparison to their SP counterparts was identified as a critical factor for 
determining their lifetime performance and is an area where management practices 
 333 
 
should be focused to improve their overall profitability. My work has also provided 
evidence that GP development is compromised before birth, which could determine 
their potential for postnatal growth.  
The key findings from my work conducted in this thesis were: 
i. Gilt progeny are consistently lighter than SP throughout life and are 
less likely to reach reproductive maturity in the breeding herd; 
ii. Poorer lifetime performance of GP (slower growth rates, lower 
survivability after weaning) in comparison to SP is largely determined 
by their lighter birth weights and slower growth before weaning, and 
cannot be ameliorated by on-farm segregation of GP and SP; 
iii. Composition of fat, lactose and protein in colostrum and milk is 
largely similar throughout lactation between primiparous and 
multiparous (parity 3 and 4) sows; however, lower lactose 
concentration in milk from primiparous sows in late lactation (from 
days 14 to 21) may suggest that they suffer from catabolism resulting 
in reduced milk production in an extended lactation; 
iv. Gilt progeny have lower serum IgG concentrations early in life than 
SP, but not as a result of lower IgG concentrations in colostrum and 
milk of primiparous sows; 
v. Several organs and tissues, such as the small intestine, liver, spleen 
and skeletal muscle (quadriceps), are less developed around birth and 
weaning in GP in comparison to SP; 
vi. Allometric growth of several of these organs differs in GP compared 
to SP, while similar brain development is maintained, synonymous to 
 334 
 
piglets characterised as suffering from intrauterine growth restriction 
(IUGR); and, 
vii. Feeding CLA and (or) MCFA to dams in late gestation and lactation 
does not improve the performance or energetic metabolism of GP or 
SP, nor does it improve the maternal transfer of IgG to either group. 
However, CLA supplementation increases pre-weaning survival rates 
of GP and SP. 
Future directions of research in this area should be focused on: 
• Investigation of nutritional interventions to improve GP prenatal 
development and birth weights, keeping in mind that gestating 
primiparous sows are likely to contribute additional digested energy 
to their own growth and maintenance requirements rather than foetal 
growth; 
• Nutritional strategies to improve colostrum and milk production in 
primiparous sows, therefore increasing GP weaning weights and 
improving their overall lifetime productivity; 
• Direct management strategies for improving progeny viability and 
energy levels before weaning, such as observation at farrowing and 
effective colostrum management; and, 
• Improving sow longevity and genetic gain to reduce the need for 
replacement breeding stock, therefore reducing the overall number of 
primiparous sows and their progeny in the herd. 
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